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Abstract
The Influence of Magnesium Ions on the Growth and Metabolism of
S a c c h a ro m y c e s  cerev is ia e :  A .  I. M a y n a r d .
T h e  g ro w th  re s p o n s e  o f  b a tch  c u ltu re s  o f  S acch a ro m yces ce rev is ia e  to  
m a g n e s iu m - lim it a t io n , u n d e r  c o n d it io n s  o f  m ic r o - a e r o p h i l l ic  g lu c o s e - re p re s s io n , w a s  
s h o w n  to be h y p e r b o l ic ,  th u s  in d ic a t in g  a M o n o d  re la t io n s h ip .  T h e  m a x im u m  g ro w th  
rate  w a s fo u n d  to b e  0 .2 0 h rs~ l w h ils t  K s w a s e q u a l to  3 6 p .M  a n d  the y ie ld  c o - e f f ic ie n t  
at */2 4  m  ax  e q u a l to  1 .9 g ra m s  o f  c e l ls  fo rm e d  p e r m i l l ig r a m  o f  m a g n e s iu m  re m o v e d  
f r o m  the m e d iu m . T h e  s u g g e s te d  d o w n w a rd  r e v is io n  o f  the y e a st's  e x o g e n o u s  
m a g n e s iu m  re q u ire m e n ts  f ro m  2 - 4 m M  (Jo n e s  and  G r e e n f ie ld ,  1984) to  0 .5 m M  (Jo n e s ,
1986) is  c o n f ir m e d ,  w ith  a s p e c if ic  le v e l o f  0 .6 5 m M  f o r  a m in im a l m e d iu m  at 2 .5 % w /v  
g lu c o s e  b e in g  r e c o m m e n d e d . A  m o la s s e s  c o m p le x  m e d iu m  w a s  fo u n d  to c o n ta in  le v e ls  
in  e x c e s s  o f  4 0 m M  a lth o u g h  the p o s s ib il it y  o f  m a g n e s iu m - lim ita t io n  w ith in  an  
in d u s tr ia l c o n te x t  s t i l l  e x is ts .
M a g n e s iu m  u p ta k e  p a tte rn s  w e re  e s ta b lis h e d  o v e r  a  ra n g e  o f  l im it in g  (1 l- 6 5 0 | iM )  
and  n o n - l im it in g  ( 6 5 0 - 4 0 0 0 q M )  c o n c e n tra t io n s  o f  e x o g e n o u s  m a g n e s iu m . T h e  u p ta k e  
p atte rn s  o b ta in e d  c o r re s p o n d e d  to  the c h a n g e s  in  the m e ta b o lic  a c t iv it ie s  o f  the  
p o p u la t io n  fu r th e r  in d ic a t in g  the h ig h ly  re g u la te d  n a tu re  o f  th e  io n  w ith in  the y e a s t  c e l l  
(Jo n e s  an d  G r e e n f ie ld ,  1 9 8 4 ). T h e  p atte rn s  o f  u p ta k e  an d  re le a s e  su g g e s ts  a m e a n s  o f  
'p r im in g ' the c e l ls  to  e s ta b lis h  c o n t ro l o v e r  the fe rm e n ta t iv e  c a p a c it y  o f  the o rg a n is m  
th ro u g h  the t im in g  o f  the in o c u lu m  tra n sfe r.
T h e  in v e s t ig a t io n  o f  the p h y s io lo g ic a l  states o f  S. c e rev is ia e  o v e r  a ra n g e  o f  
g ro w th  rates u s in g  a  m a g n e s iu m - lim ite d  c h e m o s ta t  w a s  c a r r ie d  o u t w ith  the re su lts  
a g re e in g  in  th e  m a in  w ith  the tre n d s  e s ta b lis h e d  in  the b a tch  c u ltu re s . A t  g ro w th  rates  
lo w e r  th a n  |am a x , ^ie  c e ^s re v e a l a  p h y s io lo g ic a l  state c h a ra c te r is t ic  o f  n o n - c a rb o n -  
l im it e d  g ro w th . T h i s  in v o lv e s  an in c re a s e  in  the b io m a s s  y ie ld  f r o m  m a g n e s iu m  an d  
a lte ra t io n s  in  th e  re la t iv e  c o n t r ib u t io n s  o f  fe rm e n ta t io n  a n d  re s p ira t io n  to  the o v e r a l l  
re s p iro - fe rm e n ta t iv e  a c t iv ity  as th e  g ro w th  rate  in c re a s e s  to w a rd s  q m a x . A t  g ro w th  
rates g re a te r th an  p.m a x , c e l ls  e x h ib it  p s e u d o - h y p h a l g ro w th  c o n s is te n t  w ith  the  
in v o lv e m e n t  o f  m a g n e s iu m  in  c e l l  m o r p h o lo g y .
S tu d ie s  o n  th e  m e ta b o lic  b e h a v io u r  o f  S. cerev is ia e  w h e n  re le a s e d  f r o m  
m a g n e s iu m - lim ita t io n  w ith in  a  c h e m o s ta t  h a v e  b e e n  c a r r ie d  o u t  an d  in d ic a te  that 
m a g n e s iu m - lim it a t io n  is  p r im a r i ly  e x e rt in g  its  e f fe c t  w ith in  th e  c e l l  d iv is io n  c y c le .
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CHAPTER 1: INTRODUCTION
1.1. Industrial and Laboratory Aspects of Yeast
A s  in d u s t r ia l o rg a n is m s , y e a st a re  o f  e c o n o m ic  im p o r ta n c e , a n d  th e ir  u b iq u ito u s  
p re s e n c e  in  th e  b a k in g , w in e , b e e r a n d  s p ir it  in d u s t r ie s  is  w e l l  d o c u m e n t e d . A s  S te w a rt
(1 9 8 8 )  states: " B r e w in g ,  v it ic u ltu r e ,  e n o lo g y  a n d  d is t i l le d  b e v e ra g e s  are
b io t e c h n o lo g ic a l  in d u s t r ie s  th a t m a k e  a s ig n if ic a n t  c o n tr ib u t io n  to  th e  e c o n o m y  o f  m o s t  
c o u n tr ie s  a ro u n d  th e  w o r ld " .  S a cch a ro m yces ce rev is ia e  is  th e  y e a s t  s p e c ie s  o f  g re a te st  
q u a n t ita t iv e  s ig n if ic a n c e  ( E v a n s ,  1 9 9 0 ), a lth o u g h  o th e r  s p e c ie s  s u c h  as K lu yvero m yces , 
C a n d id a  a n d  P ich ia  p la y  an  e v e r - in c re a s in g  r o le  in  in d u s t r ia l p ro c e s s e s  ( S p e n c e r  &  
S p e n c e r ,  1 9 9 0 ). N e v e r th e le s s ,  th e  n u m b e r  o f  y e a s t  sp e c ie s  o f  e c o n o m ic  im p o r ta n c e  is  
r e la t iv e ly  lo w  c o m p a r e d  to  the to ta l n u m b e r  d e s c r ib e d  ( L o d d e r ,  1 9 7 0 ; c ite d  b y  P e p p ie r ,
1 9 7 9 ).
Y e a s t  su b stra te s  a n d  p ro d u c ts  a re  as v a r ie d  as th e  s p e c ie s  a n d  in c lu d e :  
K lu yvero m yces  b e in g  g ro w n  o n  w h e y  p e rm e a te  to  se c re te  in v e rta s e ; C a n d id a  a n d  P ich ia  
g ro w n  o n  e th a n o l a n d  m e th a n o l r e s p e c t iv e ly ,  to  f o r m  s in g le  c e l l  p ro te in ;  a n d  C a n d id a  
g ro w n  o n  n -a lk a n e s  f o r  th e  p r o d u c t io n  o f  c i t r ic  a c id . O t h e r  a re a s  c u r r e n t ly  b e in g  
in v e s t ig a te d  in c lu d e :  th e  u s e  o f  H an sen u la  s p p . to p r o d u c e  s te ro id  p re c u rs o rs ;  
L ip o m yces  sp p . to  p r o d u c e  l ip id s ;  th e  s y n th e s is  o f  o rg a n ic  a c id s  u s in g  s u c h  s p e c ie s  as 
T o ru lo p s is , C a n d id a , a n d  S a cch a ro m yco p sis’, a n d  th e  p o te n t ia l u s e  o f  y e a s t  in  p o l lu t io n  
c o n tro l.  T h e s e  d iv e rs e  a ttr ib u te s  a re  c o v e r e d  in  d e ta il b y  B u r d e n  a n d  E v e le ig h  (1 9 9 0 ) , 
w h o  a ls o  c o m m e n t  th at fe w  o f  th e  id e a s  f o r  th e  b io t e c h n o lo g ic a l  u s e  o f  n o n -  
S acch a ro m yces  s p e c ie s  a c h ie v e  c o m m e r c ia l  sta tu s d e s p ite  e x te n s iv e  re s e a rc h .
M a n y  m y c e l ia l  fu n g i  a re  p r o v in g  u s e fu l a t s e c re t in g  p ro te in s  a n d  s e c o n d a ry  
m e ta b o lite s  o f  c o m m e r c ia l  in te re s t ( U p s h a ll  &  M e  K n ig h t ,  1 9 8 7 ) b u t  in  s p ite  o f  th e  la c k  
o f  s e c o n d a r y  m e ta b o lite s  o f  im m e d ia t e  c o m m e r c ia l  in te re st p r o d u c e d  b y  S. ce rev is ia e  
(S te w a rt  &  R u s s e l l ,  1 9 8 6 ), the ra n g e  o f  n u tr it io n a l a n d  f la v o u r in g  p ro d u c t s  d e r iv e d  
f r o m  th e  c e l ls  th e m s e lv e s  is  c o n t in u a lly  e x p a n d in g  (R e e d  &  N a g o d a w ith a n a , 1 9 9 1 ), as 
is  th e  o rg a n is m 's  in v o lv e m e n t  in  th e  p r o d u c t io n  o f  n o n -y e a s t  p ro te in s  a n d  p e p t id e s  su ch
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as th e  a n t i- v ir a l  p ro te in  in te r fe ro n  ( H it z m a n , L e u n g ,  P e r ry ,  K o h r ,  L e v in e ,  &  G o e d d e l ,
1 9 8 3 ), h u m a n  s e ru m  a lb u m in  ( M o lz a h n ,  1 9 8 5 ) a n d  th e  a c id  p ro te a s e  c h y m o s in  ( S m ith ,  
D u n c a n ,  &  M o i r ,  1 9 8 5 ).
C u r r e n t ly ,  th e  a p p lic a t io n  o f  re c o m b in a n t  te c h n o lo g y  to  y e a sts  h a s  p e rm itte d  th e  
d e v e lo p m e n t  o f  'n o v e l' y e a st p ro d u c t s ,  m a n y  o f  w h ic h  a re  at a  " n e a r-m a rk e t"  le v e l o f  
c o m p le t io n  w ith  s e v e ra l a lre a d y  h a v in g  a c h ie v e d  F D A - a p p r o v a l  ( B a r r ,  G ib s o n ,  
B a th u rs t , S a b in ,  M e d in a - S e lb y ,  C o it ,  &  V a le n z u e la ,  1 9 8 9 ). A  s e le c t io n  o f  th e se  n e w  
p ro d u c ts  is  p re se n te d  in  T a b le  1.1 b e lo w .
Table 1.1: Novel yeast products from the application of recombinant technology.
P r o d u c t  A re a P r o d u c t U se s L ev e l o f  C o m p le t io n
F ood R en n in C h e e se  p rod u ction F D A -ap p roval
F o o d Im p roved  B aker's y e a s t G lu c o se  d e-rep ression M A F F -ap p rova l
B ev e ra g e Im p roved  B rew er's y ea s t A m y lo ly t ic  a ctiv ities R esearch -stag e
P h arm aceu tica l H ep atitis-B  v im s  surface-  
antigen
H ep atitis v a c c in e F D A -ap p roval
P h arm aceu tica l p-Interferon T reatm ent o f  m u ltip le  
sc lero s is
F D A -ap p roval
P h arm aceu tica l C ircu m sp oro zo ite  p rotein  
from  P l a s m o d i a  v i v a x
M alaria  v a c c in e C lin ica l trials
P h arm aceu tica l H IV  e n v e lo p e  (en v ) g en e s A id s  v a c c in e C lin ica l trials
A lt h o u g h  th e  e x p a n s io n  o f  S. ce rev is ia e  o u t  o f  its  h is t o r ic  a re a s  o f  a p p lic a t io n  
u s in g  g e n e t ic  t ra n s fo rm a t io n  te c h n iq u e s  m a y  n o t  b e  id e a l f o r  c o n s u m e r  a c c e p t a b il it y ,  
e s p e c ia l ly  re la t in g  to  fo o d ,  th e  s p e c ie s  d o e s  r e m a in  an  im p o r ta n t  e x p e r im e n t a l m o d e l  
(S te w a rt  &  R u s s e l l ,  1 9 8 6 ) f o r  th e  c h a ra c te r iz a t io n  o f  b a s ic  p h y s io lo g ic a l  a n d  g e n e t ic  
p ro c e s s e s  o f  e u k a r y o t ic  c e l ls ,  a n d  f o r  th e  s tu d y  o f  y e a s t  p a t h o g e n ic  b e h a v io u r  in  p la n ts  
a n d  a n im a ls  ( R u s s e ll ,  J o n e s , &  S te w a rt , 1 9 8 7 ). W h i ls t  re s e a rc h  in to  th e  m e ta b o lic
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p ro c e s s e s  o f  in d u s t r ia l  s tra in s  is  o f  im p o r ta n c e  (Jo n e s  &  G a d d ,  1 9 90; L ie v e n s e  &  L im ,
1 982) c o n c e r n in g  th e  e f f ic ie n t  c o n v e r s io n  o f  s u b s tra te -to -p ro d u c t, it  is  la b o r a t o r y  stra in s  
th at h a v e  b e e n  m o s t  f u l ly  d e s c r ib e d  ( R u s s e ll  e t a l . , 1987; S te w a rt  &  R u s s e l l ,  1 9 8 6 ) in  
te rm s  o f  th e ir  g e n e t ic s  a n d  b io c h e m is t r y  ( L ie v e n s e  &  L i m ,  1 9 8 2 ), p o s s ib ly  d u e  to  ease  
o f  a c c e s s ib i l i t y  ( F ie c h te r ,  F u h r m a n n ,  &  K a p p e l i ,  1 9 8 1 ). T h i s  m a y  n o t  a c c u ra te ly  
a n t ic ip a te  th e  fu tu re  n e e d s  o f  b io t e c h n o lo g ic a l p ro c e s s e s  w h e re  p o ly p lo id s  w i l l  b e  
fa v o u re d  d u e  to  th e  in h e re n t  s ta b il ity  o f  th e  m u lt ip le - g e n e  s tru c tu re . H o w e v e r ,  h a p lo id  
c h a ra c te r is t ic s  th a t a re  s u ita b le  f o r  la b o ra t o r y  m o le c u la r  s tu d ie s , s u c h  as th e  a b i l i t y  to  
f o r m  s ta b le  m u ta n ts , a re  n o t  fo u n d  in  in d u s t r ia l s tra in s . T h e s e  s tra in s  a ls o  te n d  to  la c k  
m a t in g - ty p e  c h a ra c te r is t ic s  w h ils t  a n y  s p o re s  fo r m e d  e x h ib it  a  lo w  v ia b i l i t y  ( K e id in g ,  
1985; S te w a rt , 1 9 8 1 ). N e v e r th e le s s , a d v a n c e s  a re  b e in g  m a d e  in  im p r o v in g  the  
s p o ro g e n ic  a b i l i t y  o f  a p o ly p lo id  b re w e r 's  s tra in  ( B i l in s k i ,  H a t f ie ld ,  S o b c z a k ,  R u s s e l l ,  &  
S te w a rt , 1 9 8 7 ).
1.2. Yeast Intermediary Metabolism
A  m o r e  d e ta ile d  u n d e rs ta n d in g  o f  th e  in te r m e d ia ry  m e ta b o lis m  o f  S. ce rev is ia e  
a n d  its  in te ra c t io n  w ith  th e  e n v ir o n m e n t  is  re q u ire d  to  e n s u re  e f f ic ie n t  su b stra te  
u t il iz a t io n  a n d  q u a lit y  p r o d u c t  fo r m a t io n .  It is  v a n  D i j k e n ,  V e r d u y n ,  P o s tm a ,  
W e u s t h u is ,  v a n  U r k ,  V is s e r ,  &  S c h e ffe r s 's  v ie w  (1 9 9 0 ) th a t b e c a u s e  th e  e f fe c ts  o f  
e n v ir o n m e n ta l fa c t o rs  a re  s p e c ie s - s p e c if ic ,  u n d e rs ta n d in g  o f  th e  re g u la t io n  o f  m e ta b o lic  
p a th w a y s , e s p e c ia l ly  re g a rd in g  th e  c o n t ro l o f  in d u s t r ia l  c u ltu re s , is  g re a t ly  fa c i lita te d  b y  
c o m p a r a t iv e  s tu d ie s  o n  y e a sts  b e lo n g in g  to  " d if fe re n t  p h y s io lo g ic a l  c la s s e s " . O t h e r  
a u th o rs  l ik e w is e  a d v o c a te  th e  e x p a n s io n  o f  p h y s io lo g ic a l  s tu d ie s  to  a lte rn a t iv e  y e a st  
s p e c ie s  as a w a y  o f  d e te r m in in g  m e ta b o lic  r e g u la to ry  p ro c e s s e s  f o r  a p p lic a t io n  to  
in d u s t r ia l p ro c e s s e s  ( B r u in e n b u r g ,  1 9 86; M o u l in ,  B o z e ,  &  G a lz y ,  1 9 84; F ie c h t e r  e t a l .,
1 9 8 1 ). W h i ls t  s t r o n g ly  s u p p o rt in g  th e se  v ie w s ,  th is  s tu d y  is  c o n c e rn e d  w ith  th e  e f fe c t  
o f  s p e c if ic  e n v ir o n m e n ta l c h a ra c te r is t ic s  o n  th e  c a rb o n  m e t a b o lis m  o f  a n  in d u s t r ia l  
s tra in  o f  S. c e re v is ia e , a lth o u g h  re fe re n c e s  to  w o r k  o n  o th e r s p e c ie s  w i l l  b e  m a d e  w h e re  
p e rt in e n t. R e c e n t  c o m p a r a t iv e  s tu d ie s  in c lu d e  S e n a c  a n d  H a h n - H a g e r d a l  (1 9 9 0 );
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M c D o n a ld  a n d  T s a i  (1 9 8 9 )  a n d  v a n  U r k ,  B r u in e n b e r g ,  V e e n h u is ,  S c h e f fe r s ,  &  v a n  
D ij k e n  (1 9 8 9 a ); a n d  v a n  U r k ,  S c h ip p e r ,  B r e e d v e ld ,  M a k ,  S c h e f fe r s ,  &  v a n  D ij k e n  
(1 9 8 9 b ) ; w h ils t  the m e ta b o lis m  o f  n o n -S acch arom yces  s p e c ie s  h a v e  b e e n  e x a m in e d  b y  
W ijs m a n ,  v a n  D ij k e n ,  v a n  K le e f f ,  &  S c h e f fe r s  (1 9 8 4 ); B r u in e n b e r g ,  d e  B o t ,  v a n  
D ij k e n ,  &  S c h e f fe r s  (1 9 8 3 )  a n d  M o u l in  e ta l .  (1 9 8 4 ) .
S u g a r s , as a  u b iq u it o u s  s o u rc e  o f  c a rb o n  a n d  e n e r g y , h a v e  re c e iv e d  th e  m o s t  
a tte n tio n  r e g a rd in g  th e ir  c a t a b o l is m  a n d  its  re g u la t io n  in  y e a s t  (v a n  D ij k e n  e t a l ., 1 9 9 0 ). 
T h e  c o m m o n  m e ta b o lic  m e a n s  o f  u t i l iz a t io n  is  th ro u g h  g ly c o ly s is  ( M c D o n a ld  &  T s a i ,
1 9 8 9 ) f r o m  g lu c o s e -6 -p h o s p h a te  to  p y ru v a te  b y  w a y  o f  th e  E m d e n - M e y e r h o f - P a r n a s  
( E M P )  p a th w a y , a lth o u g h  a c c e s s  to an d  d e p a rtu re  f r o m  th is  p a th w a y  is  d e p e n d e n t  o n  
th e  s u g a r  a n d  th e  y e a s t  s p e c ie s  in  q u e s t io n  ( G a n c e d o  &  S e r ra n o , 1 9 8 9 ). G e n e ra l  
s c h e m e s  o f  c a rb o n  a n d  e n e r g y  m e ta b o lis m  a n d  th e ir  r e g u la t io n  in  y e a st h a v e  been  
d o c u m e n te d  a n d  a re  w id e ly  a v a ila b le  in  th e  lite ra tu re  (e .g . E n t ia n  &  B a rn e t t , 1992; 
G a n c e d o  &  S e r ra n o , 1 9 8 9 ; Y o u n g ,  1987; K a p p e l i ,  1 9 8 6 ; L ie v e n s e  &  L i m ,  1 9 8 2 ).
T h e  m e ta b o lis m  o f  g lu c o s e  b y  S. ce rev is ia e  e n a b le s  th e  c e l l  to  g r o w  an d  
r e p r o d u c e  a n d  o c c u r s  th ro u g h  a c o m p le x  n e t w o rk  o f  c a t a b o l ic  a n d  a n a b o lic  p a th w a y s  
th at in t e r - l in k s  e n e r g y  p r o d u c t io n  w ith  b io s y n th e s is , w h e re b y  A T P  is  m a n u fa c tu re d  
d u r in g  th e  c a t a b o lic  o x id a t io n  o f  o rg a n ic  m o le c u le s ,  w ith  th e  b re a k d o w n  p ro d u c ts  
p r o v id in g  a s o u rc e  o f  m e t a b o lic  in te rm e d ia te s  f o r  a n a b o lic  p ro c e s s e s . T h e  in te r w e a v in g  
o f  th e  tw o  s y s te m s  a n d  th e ir  r e s p e c t iv e  c o m p o n e n t  s y s te m s  re q u ire s  h ig h ly  d e v e lo p e d  
re g u la to r y  m e c h a n is m s  to  e n s u re  th a t th e  s u r v iv a l  re q u ire m e n ts  o f  th e  c e l l ,  d ic ta te d  b y  
th e  e x te rn a l e n v ir o n m e n t ,  a re  c o n s ta n t ly  a n d  a d e q u a te ly  m e t.
G r o w t h  o n  g lu c o s e  m a y  p ro c e e d  b y  tw o  m a jo r  ro u te s , fe rm e n ta t io n  an d  
r e s p ira t io n , a lth o u g h  th e  a e ro b ic  u t i l iz a t io n  o f  th e  e th a n o l p r o d u c e d  d u r in g  fe rm e n ta t io n  
m a y  b e  c o n s id e re d  as a  th ird  o p t io n  o p e n  to  th e  c e l ls .  F e r m e n t a t io n , w h ic h  is  th e  o n ly  
p a th w a y  a v a ila b le  w h e n  o x y g e n  is  a b se n t, is  a ls o  b e lie v e d  ( G a n c e d o  &  S e r ra n o , 1989)  
to  b e  th e  m a jo r  p a th w a y  o f  g lu c o s e  c a t a b o lis m  d u r in g  e x p o n e n t ia l g ro w th  u n d e r  a e ro b ic  
c o n d it io n s  d u e  to  th e  re p re s s io n  o f  th e  re s p ira to ry  p a t h w a y  b y  th e  g lu c o s e  it s e lf  
( L a g u n a s , 1979; D e  D e k e n ,  1 9 6 6 ). H o w e v e r ,  re s p ira t io n  d o e s  o c c u r  at lo w  g lu c o s e
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c o n c e n tra t io n s  in  th e  p re s e n c e  o f  o x y g e n ; a  p h e n o m e n o n  e m p lo y e d  in  th e  in d u s tr ia l 
p r o d u c t io n  o f  y e a s t  u s in g  fe d -b a tc h  te c h n iq u e s , a lth o u g h  Q u a in  (1 9 8 8 )  a rg u e s  th at th ere  
is  n o  e v id e n c e  th at re s p ira t io n  p la y s  a r o le  in  n o r m a l b re w e ry  fe rm e n ta t io n s . T h e  tw o  
p a th w a y s  ca n  c o - e x is t ,  a  state re fe rre d  to  as " r e s p iro - fe r m e n ta t iv e  m e ta b o lis m "  
( K a p p e l i ,  1 9 8 6 ), a lth o u g h  fe rm e n ta t io n  is  b e lie v e d  to  b e  v e r y  a c t iv e  c o m p a r e d  to  
re s p ira t io n  ( L a g u n a s , D o m in g u e z ,  B u s tu r ia ,  &  S a e z . 1982; L a g u n a s ,  1 9 7 9 ; D e  D e k e n ,  
19 6 6 ) w ith  th e ir  r e la t iv e  m a g n itu d e s  b e in g  d e te rm in e d  b y  th e  c u lt u r e  c o n d it io n s  
( L a g u n a s  e t a l.,  1 9 8 2 ). F o r  e x a m p le , p y ru v a te  d e h y d ro g e n a s e  w ith  a h ig h  su b stra te-  
a f f in it y  ( K m  0 .1 - 0 .2 m M ;  K e h a ,  R o n f t  &  K r e s z e ,  1 9 8 2 ), w i l l  c o n s ta n t ly  c h a n n e l 
p y r u v a te  to w a rd s  re s p ira t io n  u n t il th e  s u p p ly  e x c e e d s  its  c a p a c it y ,  w h e re u p o n  the lo w  
a f f in it y  ( K m  3 - 4 m M ;  B a n u e lo s  &  G a n c e d o ,  1 9 7 8 ) p y ru v a te  d e c a r b o x y la s e  w i l l  d ire c t  
th e  o v e r f lo w  to w a rd s  fe rm e n ta t io n  ( H o lz e r ,  1 9 6 1 ). S u c h  a  s c e n a r io  is  e n v is a g e d  in  
n itro g e n -s ta rv e d  ( 're stin g ')  c e l ls  w h e re  in a c t iv a te d  g lu c o s e - t ra n s p o rt  s y s te m s  lo w e r  the  
g ly c o ly t ic  f lu x  a n d  re s u lt  in  a  d e c re a s e  in  fe rm e n ta t iv e  a c t iv it y  b u t a c o n sta n t  
re s p ira to ry  ra te  ( L a g u n a s  e t  a l . , 1 9 8 2 ).
T h e  th ird  c a t a b o lic  o p t io n  o p e n  to  y e a s t  c e l ls  is  the o x id a t io n  o f  th e  e n e r g y - r ic h  
e th a n o l p r o d u c e d  d u r in g  fe rm e n ta t io n . T h i s  re s u lts  in  a p h e n o m e n o n  k n o w n  as 'd ia u x ic  
g ro w th ' th at re q u ire s  th e  p re s e n c e  o f  o x y g e n  w it h in  th e  c u ltu re , a n d  m a y  b e  v ie w e d  as a 
c o m p e t it iv e  s u r v iv a l  m e c h a n is m  f o r  th e  y e a s t , a  p e rs p e c t iv e  sh a re d  b y  L a g u n a s  an d  
G a n c e d o  (1 9 8 3 ) . T h u s ,  fe rm e n ta t io n  r a p id ly  c o n v e r ts  a  su b stra te  ( g lu c o s e ) , c a p a b le  o f  
b e in g  u t i l iz e d  b y  n e a r ly  a ll  o rg a n is m s , to a  c o m p o u n d  th a t n o t  o n ly  h a s  a  g re a t ly  
re d u c e d  n u m b e r  o f  p o te n t ia l c o n s u m e rs , b u t is  a ls o  w id e ly  to x ic  to  m a n y  m ic r o ­
o rg a n is m s .
1.2.1. Fermentation in S. cerevisiae
F e r m e n ta t io n  is  th e  m e a n s  b y  w h ic h  th e  c e l l ,  in  th e  a b s e n c e  o f  o x y g e n , ca n  
re g e n e ra te  th e  o x id iz e d  f o r m  o f  th e  e le c t r o n - c a r r ie r ,  N A D ,  a fte r  its  re d u c t io n  d u r in g  
g ly c o ly s is  to  N A D H .  Y e a s t  c e l ls  a c h ie v e  th is  b y  th e  tra n s fe r  o f  th e  e le c tr o n s  f r o m  the  
N A D H  to  a c e ta ld e h y d e , d e r iv e d  f r o m  th e  p y ru v a te , to  g e n e ra te  e th a n o l. A T P  is
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g e n e ra te d  o n ly  at a  s u b s tra te - le v e l w ith in  th e  E M P  p a th w a y  a n d  n o t  d u r in g  th e  
p r o d u c t io n  o f  e th a n o l. C h a ra c te r is t ic s  o f  fe rm e n ta t io n  in c lu d e  d e c re a s e d  le v e ls  a n d  
a lte re d  m o r p h o lo g y  o f  m it o c h o n d r ia  ( M ia n ,  K u e n z i ,  &  H a lv o r s o n ,  1 9 7 3 ; F ie c h te r ,  
M ia n ,  R is ,  &  H a lv o r s o n ,  1 9 72; P o la k is ,  B a r t le y ,  &  M e e k ,  19 6 5 ; c ite d  b y  L ie v e n s e  &  
L i m ,  19 8 2 ) a n d  th e  re d u c e d  a c t iv ity  o f  th e  T C A  c y c le ,  a lth o u g h  it  s t i l l  s u p p lie s  
in te rm e d ia te s  f o r  b io s y n th e s is  ( S c h a tz m a n n , 1 9 7 5 ; c ite d  b y  F ie c h t e r  e t  a l.,  1 9 8 1 ). F o r  
e x a m p le , s u c c in a te  p r o d u c t io n  d u r in g  fe rm e n ta t io n  is  b e lie v e d  to  b e  th e  re s u lt  o f  an  
o p e r a t io n a l T C A  c y c le  ( O u r a , 1 9 77; c ite d  b y  F ie c h t e r  e t a l., 1 9 8 1 ).
T h e  c o - fa c t o r  N A D  fu n c t io n s  as an  e le c t r o n - c a r r ie r  w ith in  in te r m e d ia ry  
m e ta b o lis m  as d u r in g  fe rm e n ta t io n  it  is  re d u c e d  to  N A D H  w h e n
p h o s p h o g ly c e r a ld e h y d e  ( P G A L )  u n d e rg o e s  s u b s tra te - le v e l p h o s p h o r y la t io n ,  w ith  its  re ­
o x id a t io n  n o r m a lly  o c c u r r in g  w h e n  a c e ta ld e h y d e  is  re d u c e d  to  e th a n o l. H o w e v e r ,  the  
in v o lv e m e n t  o f  p y r u v a te  in  a  f u n c t io n in g  T C A  c y c le ,  a lb e it  a t a  re d u c e d  le v e l ,  a n d  the  
c o n s e q u e n t  a c c u m u la t io n  o f  r e d u c in g  p o w e r  in v o k e s  th e  a lte rn a t iv e  re - o x id a t io n  o f  
N A D H  d u r in g  th e  r e d u c t io n  o f  d ih y d r o x y a c e t o n e  p h o s p h a te  to  g ly c e r o p h o s p h a te  
( G a n c e d o ,  G a n c e d o ,  &  S o ls ,  19 6 8 ; c ite d  b y  G a n c e d o  8c S e r ra n o , 1 9 8 9 ), th e  p r e c u r s o r  o f  
g ly c e r o l .  H o w e v e r ,  a lth o u g h  th e  c e l l 's  re d o x  b a la n c e  is  m a in ta in e d , th e  e th a n o l y ie ld  is  
lo w e r e d  ( O u r a , 1 9 77; c ite d  b y  G a n c e d o  &  S e r ra n o , 1989) as th e  p ro c e s s  re q u ire s  A T P  
( G a n c e d o  &  S e r ra n o , 1 9 8 9 ) a n d  le a v e s  e n e rg y  sto re d  w ith in  th e  g ly c e r o l .  T h is  
a lte rn a t iv e  m e a n s  o f  m a in t a in in g  re d o x  b a la n c e  w a s  ta k e n  a d v a n ta g e  o f  o n  a n  in d u s t r ia l  
b a s is  d u r in g  b o th  w o r ld  w a rs  v ia  'steered ' fe rm e n ta t io n s  w h e re b y  th e  a c e ta ld e h y d e  w a s  
a r t i f ic ia l ly  re m o v e d  b y  c o m p le x in g  w ith  s o d iu m  b is u lp h ite ,  th u s - e n h a n c in g  g ly c e r o l  
f o r m a t io n  th at w a s  th e n  u s e d  in  th e  p r o d u c t io n  o f  e x p lo s iv e s  ( C r u e g e r  &  C ru e g e r ,
1 9 8 4 ). T h e  s y n th e s is  o f  o th e r  c o m p o u n d s  b y  th e  c e l l ,  s u c h  as h ig h e r  a lc o h o ls ,  a lso  
c o n s t itu te s  a lte rn a t iv e  m e a n s  o f  m a in t a in in g  th e  re d o x  b a la n c e  (S te w a rt  &  R u s s e l l ,  
1 9 8 6 ), p r o v id in g ,  a s  Q u a in  (1 9 8 8 )  a rg u e s , a  " f in e - t u n in g "  m e c h a n is m  f o r  th e  c e l l .
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1.2.2. Respiration in S. cerevisiae
U n d e r  a e ro b ic  c o n d it io n s ,  p y ru v a te  f r o m  th e  E M P  p a th w a y  is  c h a n n e lle d  v ia  th e  
p y ru v a te  d e h y d ro g e n a s e  m u lt i- e n z y m e  c o m p le x ,  to  a h ig h ly  a c t iv e  T C A  c y c le ,  w h e re  
th e  tra n s fe r  o f  e le c tro n s  to  th e  c o - fa c t o r s  N A D  a n d  F A D  ta k e s  p la c e ,  p r o v id in g  
r e d u c in g  p o w e r  to  th e  re s p ira to ry  c h a in ,  a n d  th u s  e n a b lin g  o x id a t iv e  p h o s p h o r y la t io n  to  
ta k e  p la c e . T h e  h ig h  n u m b e r  o f  c o - fa c t o r s  d e r iv e d  f r o m  th e  T C A  c y c le  in d ic a te s  a 
m o r e  c o m p le te  b re a k d o w n  o f  th e  su b stra te  th a n  d u r in g  fe rm e n ta t iv e  a c t iv it y ,  a n d  w h ils t  
re s p ira t io n  is  b e lie v e d  to b e  e a s ily  sa tu ra te d  ( K a p p e l i ,  1 9 8 6 ), th e  r e la t iv e  c o n t r ib u t io n  o f  
fe rm e n ta t io n  c a n  d if f e r  m a r k e d ly  a c c o r d in g  to  th e  e n v ir o n m e n ta l c o n d it io n s  ( L a g u n a s  e t  
a l . , 1 9 8 2 ).
T h e  e n z y m e s  p e rt in e n t  to  th e  T C A  c y c le  an d  the re s p ira to ry  c h a in  a re  m a in ly  
lo c a lis e d  w ith in  th e  m it o c h o n d r ia  ( M ia n  e t a l., 1973; F e r d o u s e , R ic k a r d ,  M o s s ,  &  
B la n c h ,  1 9 72; F ie c h t e r  e t a l., 1972; c ite d  b y  L ie v e n s e  &  L i m ,  1 9 8 2 ), a n d  as a re s u lt  
re s p ir in g  c e l ls  p o s s e s s  m a n y  w e l l- d e v e lo p e d  m it o c h o n d r ia  ( M ia n  e t  a l.,  1 9 73; F e rd o u s e  
e t  a l.,  1972; F ie c h t e r  e t a l., 1972; c ite d  b y  L ie v e n s e  &  L i m ,  1 9 8 2 ). T C A  c y c le  
in te rm e d ia te s  a re  d ra w n  o f f  fo r  b io s y n th e s is ,  a lth o u g h  th e re  a re  re a c t io n s  th at re p la c e  
th e m  ( a n a p le ro t ic  re a c t io n s ) : th e  c a r b o x y la t io n  o f  p y r u v a te  o c c u r s  to  p r o v id e  
o x a lo a c e ta te  ( M i l le r  &  A t k in s o n ,  1 9 72; C a z z u lo ,  C la is s e ,  &  S t o p p a n i,  19 6 8 ; c ite d  b y  
L ie v e n s e  &  L im s ,  1 9 8 2 ); a m in o  a c id s  c a n  b e  u s e d  to  s u p p ly  2 -o x o g lu ta ra te ;  l ip id s  to  
p r o v id e  a c e t y l- C o A ;  a n d  th e  g ly o x y la t e  b y p a s s  s e rv e s  in  a l im it e d  c a p a c it y ,  to  p r o v id e  
s u c c in a te  a n d  m a la te  f r o m  a c e t y l- C o A  ( B e c k  &  v o n  M e y e n b e r g ,  1 9 6 8 ; c ite d  b y  
L ie v e n s e  &  L im s ,  1 9 8 2 ) th at is  d e r iv e d  f r o m  a v a r ie t y  o f  su b stra te s  in c lu d in g  e th a n o l.
R e c e n t  r e v ie w s  c o v e r in g  in te r m e d ia r y  m e ta b o lis m  in c lu d e  E n t ia n  a n d  B a rn e t t
(1 9 9 2 ); G a n c e d o  a n d  S e r ra n o  (1 9 8 9 ); Y o u n g  (1 9 8 7 ); a n d  K a p p e l i  (1 9 8 6 ) .
1.2.3. Environmental Influences on Yeast Physiology
D u r in g  a c e l l 's  in te ra c t io n  w ith  its  e n v ir o n m e n t ,  th e  su b stra te s , p ro d u c t s ,  s o lu te s , 
g a se s  a n d  o th e r n u tr ie n t  fa c to rs  w ith in  th e  m e d iu m  w i l l  in f lu e n c e  th e  p h y s io lo g ic a l  state  
o f  th e  c e l l  ( R o s e , 1 9 8 7 ) th at is  i t s e lf  l im it e d  b y  th e  g e n e t ic  c a p a b il i t y  o f  th e  s p e c ie s . A  
s c h e m a t ic  d ia g r a m  o f  th is  c o n c e p t  is  p re s e n te d  in  F ig u r e  1.1 b e lo w .
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Figure 1.1: Schematic representation of the factors influencing the physiological 
state of the yeast cell.
H e n c e ,  c e l l  b e h a v io u r  a n d  re g u la to r y  re s p o n s e s  m u s t  b e  c o n s id e re d  in  re la t io n  to  
th e  e n v ir o n m e n ta l v a r ia b le s , a n d  w h ils t  d u e  c o n s id e ra t io n  s h o u ld  b e  g iv e n  to  th e  g e n e t ic  
b a s is  o f  re s p o n s e , th is  s tu d y  is  p r im a r i ly  d ire c te d  at th e  in f lu e n c e  o f  e n v ir o n m e n ta l  
fa c to rs  o n  th e  in te r m e d ia r y  m e ta b o lis m  o f  y e a st c e l ls .  A lt h o u g h  th is  s tu d y  is  
s p e c i f ic a l ly  c o n c e rn e d  w ith  th e  in f lu e n c e  o f  m a g n e s iu m  a v a i la b i l i t y  o n  fe r m e n ta t iv e  
m e ta b o lis m , a r e v ie w  o f  th e  fu n c t io n s  a n d  in f lu e n c e s  o f  o th e r  w id e ly  s tu d ie d  
e n v ir o n m e n ta l fa c to rs , su ch  as g lu c o s e  c o n c e n tra t io n  a n d  o x y g e n  a v a i la b i l it y  ( R o s e ,  
1 9 87; K a p p e l i ,  1 9 8 6 ), a re  n e c e s s a ry  to  p la c e  th e  r o le  o f  m a g n e s iu m  in  c o n te x t.
I n fo rm a t io n  o n  th e  c o n t ro l o f  m e ta b o lic  p a th w a y s  in  S. ce rev is ia e  is  p r im a r i ly  
a rr iv e d  at b y  s tu d y in g  th e  e f fe c ts  o f  th e  g lu c o s e  c o n c e n tra t io n  a n d  o x y g e n  a v a i la b i l it y  
o n  th e  g ro w th  a n d  e n z y m e  le v e ls  o f  c e l ls  c u lt iv a te d  u n d e r  p r e c is e ly  d e f in e d  c o n d it io n s  
( Y o u n g ,  1 9 8 7 ; F ie c h t e r  e t a l., 1 9 8 1 ). T h i s  c o n n e c t io n  b e tw e e n  m e ta b o lis m  a n d  c u ltu re  
c o n d it io n s  is  h ig h lig h te d  b y  o b s e r v a t io n s  o f  th e  d if fe r e n c e s  b e tw e e n  b a tc h  a n d  
c o n t in u o u s  c u ltu re  d a ta . In b a tc h  m o d e , w h e re  th e  g lu c o s e  c o n c e n tra t io n  is  in it ia l ly  
h ig h , c e l ls  e x h ib it  p r e d o m in a n t ly  fe r m e n ta t iv e  m e ta b o lis m  ( v o n  M e y e n b e r g  &  F ie c h t e r ,
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1 9 66; c ite d  b y  L ie v e n s e  &  L i m ,  1 9 8 2 ) w h e re a s  in  c o n t in u o u s  m o d e , u n d e r  g lu c o s e  
l im it a t io n ,  re s p ira to ry  m e ta b o lis m  p re d o m in a te s  at lo w  d i lu t io n  ra te s , w ith  a  s h if t  to  
fe rm e n ta t io n  o c c u r r in g  at h ig h e r  d i lu t io n  ra te s  ( K n o p f e l ,  1 9 7 2 ; v o n  M e y e n b e r g ,  1969; 
c ite d  b y  L ie v e n s e  &  L i m ,  1 9 8 2 ). T h u s ,  c u ltu re  c o n d it io n s  d ir e c t ly  in f lu e n c e  th e  c e ll 's  
u t il iz a t io n  o f  g lu c o s e  w ith  d if fe r e n c e s  o b s e rv e d  in  th e  c a r b o n - f lo w  b e tw e e n  m o d e s  o f  
m e ta b o lis m  b e in g  g o v e rn e d  b y  th e  o x y g e n  statu s an d  th e  g lu c o s e  c o n c e n tra t io n  
( S c h a tz m a n n , 1 9 7 5 ; c ite d  b y  F ie c h t e r  e t a l., 1 9 8 1 ). M u c h  re m a in s  to  b e  u n d e rs to o d  
a b o u t th e  p h y s io lo g ic a l  re q u ire m e n ts  o f  S. ce rev is ia e  ( Q u a in ,  1 9 8 8 ), b u t  c le a r ly ,  
in a d e q u a te  c u lt u re  c o n d it io n s  w i l l  le a d  to  in e f f ic ie n t  g ro w th  a n d  in f e r io r  p ro d u c t  
fo r m a t io n , w h ils t  th e  ta i lo r in g  o f  th e  e n v ir o n m e n t  to th e  s p e c i f ic  p h y s io lo g y  o f  th e  y e a st  
w il l  e n s u re  o p t im u m  p e r fo r m a n c e  a n d  p ro d u c t  fo r m a t io n , th u s  m a k in g  m e d ia  d e s ig n  o f  
fu n d a m e n ta l im p o r ta n c e  in  b io t e c h n o lo g ic a l p ro c e s s e s  ( M e y e r ,  K a p p e l i ,  &  F ie c h te r ,  
1985; R o s e ,  1 9 8 7 ).
1.2.3.1. The Influence o f  G lucose on Y east Physiology
F r e e  g lu c o s e  is  c o n s id e re d  a  p r im a r y  re g u la t in g  e le m e n t  f o r  y e a st in  th e  p re s e n c e  
o f  o x y g e n  ( F ie c h te r  e t a l., 1 9 8 1 ), a n d  c o n s e q u e n t ly  its  e f fe c ts  o n  m ic r o b ia l  e n z y m e s  
a n d  its  r o le  as a  r e g u la to ry  c o m p o u n d  h a s  b e e n  w id e ly  s tu d ie d  ( G a n c e d o  &  S e r ra n o ,  
1989; F ie c h t e r  e t  a l.,  1 9 8 1 ). A l l  k n o w n  y e a s t  s p e c ie s  a re  c a p a b le  o f  u s in g  g lu c o s e  as a 
s in g le  s o u rc e  o f  c a r b o n  a n d  e n e r g y , a lth o u g h  th is  a b i l i t y  is  o x y g e n - d e p e n d e n t  (B a rn e tt ,  
1976; c ite d  b y  K a p p e l i ,  1 986); s p e c ie s  a re  th e re fo re  g ro u p e d  a c c o r d in g ly  ( K a p p e l i ,  
1 986) as in  T a b le  1 .2  b e lo w .
S e v e r a l re g u la to r y  p h e n o m e n a  p e r ta in in g  to  g lu c o s e  h a v e  b e e n  d is c u s s e d  in  the  
lite ra tu re  (e .g . G a n c e d o  &  S e r ra n o , 1 9 8 9 ; F ie c h t e r  e t a l., 1 9 8 1 ) a n d  a b r ie f  r e v ie w  is  
p re s e n te d  h e re .
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Table 1.2: Classification of yeasts according to their metabolic response to glucose 
and oxygen.
C la ss if ic a t io n G lu c o se O x y g en E x a m p le s
R esp ira tive  yea sts; In sen sitiv e  to free  g lu c o se D o  not g ro w  in  th e  ab sen ce T r ic h o s p o r o n  c u ta n c u m
i .e . exh ib it n o  ferm en tative  
activ ity .
leve ls . o f  o x y g e n . (K a p p eli, 198 6 ).
O b lig a te ly -fe m ie n ta tiv e In sen sitiv e  to free  g lu c o se D o  not g ro w  in th e  p resen ce C a n d id a  t r o p i c a l i s  (F iech ter
yeasts; i .e . e x h ib it  no  
respiratory a ctiv ity .
le v e ls . o f  o x y g e n . OO"5
F a c u lta tiv e ly -fe m ie n ta tiv e S en s it iv e  to  th e free  g lu c o se In sen sitiv e  to  fre e  o x y g en S . c c r e v i s i a e  (F iech ter  e t  a l . .
y ea sts  (C rabtree p o s it iv e );  i .e . 
ferm ent a ero b ica lly  i f  e x c e s s  
g lu c o se  is  p resent.
le v e ls . le v e ls  w h en  e x c e s s  g lu c o se  is  
present.
198 1 ).
F acu lta tiv e ly -fe m ie n ta tiv e S en s it iv e  to  the free  g lu c o se S e n s it iv e  to free  o x y g e n H a n s c n u la  n o n fc r m e n ta n s
y ea sts  (C rabtree n eg a tiv e );  
i .e . exh ib its  ferm en tative  
activ ity  o n ly  in  aerob ic  
con d itio n s.
leve ls . leve ls . (K a p p eli, 1 986).
The Crabtree Effect
T h i s  re g u la to r y  p h e n o m e n o n , o r ig in a l ly  d e s c r ib e d  b y  C r a b t re e  (1 9 2 8 ) , is  b e lie v e d  
to  b e  e x h ib ite d  b y  c e l ls  g ro w n  in  b a tc h  c u ltu re s  at h ig h  g lu c o s e  c o n c e n tra t io n s  o r  in  
g lu c o s e - lim it e d  c o n t in u o u s  c u ltu re s  at h ig h  d ilu t io n  ra te s , w h ic h  e q u a te  to  h ig h  g lu c o s e  
c o n c e n tra t io n s , a n d  is  d e f in e d  as a re p re s s io n  o f  re s p ira to ry  a c t iv it y  b y  g lu c o s e  u n d e r  
a e ro b ic  c o n d it io n s ,  re s u lt in g  in  a  d e re g u la t io n  o f  g ly c o ly s is  a n d  su b s e q u e n t  
fe r m e n ta t iv e  a c t iv it y  ( F ie c h te r  e t a l.,  1 9 8 1 ). T h r e s h o ld  g lu c o s e  c o n c e n tra t io n s  f o r  the  
o p e ra t io n  o f  th e  C ra b t re e  e f fe c t  a re  g re a te r th an  0 .0 0 5 -0 .0  l% w / v  a c c o r d in g  to  s o m e  
a u th o rs  ( W o e h r e r  &  R o e h r ,  1 9 8 1 ; M ia n  e t  a l ., 19 7 3 ; K n o p f e l ,  1 9 7 2 ; c ite d  b y  L ie v e n s e
1 0
&  L i m ,  19 8 2 ) o r  g re a te r th an  0 .0 1 -0 .0 2 % w /v a c c o r d in g  to  v a n  D ij k e n  e t  a l. (1 9 9 0 ). 
H ig h e r  th re s h o ld s  s t il l  w e re  o r ig in a l ly  re p o r t e d ly ,  0 .0 2 -0 .1 % w /v ( R ic h a r d  &  H o g g a n ,  
1978; S u o m a la in e n ,  e t a l.,  1 9 7 3 ; H a u k l ie  &  L i e ,  1 9 7 1 ; P re s c o tt  &  D u n n ,  1 9 4 9 ; c ite d  b y  
J o n e s , P a m m e n t , &  G r e e n f ie ld ,  1 9 8 1 ), w h ils t  Y o u n g  (1 9 8 7 )  re p o rts  c e s s a t io n  o f  
r e s p ira t io n  in  S a cch a ro m yces  s tra in s  at a fr e e  g lu c o s e  c o n c e n tra t io n  o f  le s s  than
0 . 4 % w /v.
S w a n s o n  a n d  C l i f t o n  (1 9 4 8 ; c ite d  b y  D e  D e k e n ,  1966) o r ig in a l ly  a rg u e d  that in  
b a tc h  c u ltu re s , S. ce rev is ia e  c o u ld  u se  fe rm e n ta t io n  as a  m e c h a n is m  f o r  g ro w th  d u r in g  
a e ro b io s is  w h ils t  L e m o ig n e ,  A u b e r t ,  a n d  M i l l e t  (1 9 5 4 ; c ite d  b y  D e  D e k e n ,  1 9 6 6 ) l in k e d  
th e  g lu c o s e  c o n c e n tra t io n  to  th e  p re s e n c e  o r  a b s e n c e  o f  a  d ia u x ic  re s p o n s e . T h e s e  
f in d in g s  w e re  e x p a n d e d  b y  S lo n im s k i  (1 9 5 4 ; c ite d  b y  D e  D e k e n ,  1 9 6 6 ) w h o  s h o w e d  
th at 're s p ira to ry  a d a p ta t io n ' o f  c e l ls  o c c u rre d  as a  fu n c t io n  o f  th e  g lu c o s e  c o n c e n tra t io n ;
1. e. re s p ira t io n  re a c h e d  a  p e a k  at 6 x  lO '^ M  g lu c o s e ,  w h e re u p o n  th e  p a th w a y 's  a c t iv ity  
d e c lin e d  a n d  fe rm e n ta t io n  sta rted  to  ta k e  p re c e d e n c e . T h is  d ata  w a s  s u p p o rte d  b y  the  
o b s e r v a t io n  th at th e  C ra b t re e  e f fe c t  w a s  o p e ra t io n a l a t th e  sta rt o f  th e  e x p o n e n t ia l  p h a se  
o f  g ro w th , w h e n  g lu c o s e  c o n c e n tra t io n s  w e re  r e la t iv e ly  h ig h , b u t  its  in f lu e n c e  w as  
re d u c e d  to w a rd s  th e  e n d  o f  th e  p h a se  w h e n  g lu c o s e  c o n c e n tra t io n s  h a d  fa l le n  ( E p h r u s s i,  
S lo n im s k i ,  Y o t s u y a n a g i,  &  T a v l i t z k i ,  1956; c ite d  b y  D e  D e k e n ,  1 9 6 6 ).
D e  D e k e n  (1 9 6 6 )  p ro p o s e d  th a t th e  p r e d o m in a n c e  o f  o n e  m o d e  o f  m e ta b o lis m  
o c c u r r e d  at th e  e x p e n s e  o f  th e  o th e r , a n d  th at th e  c a u s e  w a s  a re p re s s io n  o f  th e  a c t iv it ie s  
a n d  s y n th e s is  o f  th e  re s p ira to ry  e n z y m e s . H e n c e ,  th e  e f fe c t  b e c a m e  c o n s id e re d  to  b e  a 
f o r m  o f  c a ta b o lite  re p re s s io n  u p o n  th e  o x id a t iv e  p a th w a y s  o f  th e  c e l l  p re c ip ita te d  b y  
h ig h  g lu c o s e  le v e ls ,  ir re s p e c t iv e  o f  th e  p re s e n c e  o r  a b s e n c e  o f  o x y g e n  ( F ie c h t e r  e t a l., 
1 9 8 1 ; C ra b t re e , 1 9 2 8 ). T h e  re p re s s io n  h a s  a  w id e s p re a d  im p a c t  in c lu d in g  c h a n g e s  in  
th e  c o m p o s it io n ,  le v e ls  a n d  a c t iv it y  o f  th e  c h ie f  e n z y m e s  o f  th e  T C A  c y c le ,  the  
e le c tro n - tra n s p o rt  c h a in ,  th e  g ly o x y la t e  b y p a s s , a n d  th e  g lu c o n e o g e n ic  p a th w a y  
( M c D o n a ld  &  T s a i ,  1 9 8 9 ; Y o u n g ,  1 9 8 7 ). C o n c e r n in g  the e n z y m e s  o f  th e  o x id a t iv e  
p a th w a y s , th e  c h a n g e  f r o m  d e -re p re s s io n  to  r e p re s s io n  o f  e n z y m e  s y n th e s is , c a n  re s u lt
11
in  a  5 -  to 2 0 0 - fo ld  d e c re a s e  in  th e ir  re s u lta n t  a c t iv it ie s  d e p e n d in g  o n  th e  s p e c if ic  
e n z y m e  ( F ie c h te r  e t a i ,  1 9 8 1 ).
H o w e v e r ,  it  n o w  a p p e a rs  as th o u g h  c a ta b o lite  re p re s s io n  is  o n ly  o n e  o f  s e v e ra l 
r e g u la t o r y  m e c h a n is m s  a v a i la b le  to th e  c e l l  th a t c a n  in c lu d e  a lte ra t io n s  in  p ro te in  
s y n th e s is , m o d if ic a t io n  o f  e n z y m e s  a n d  c h a n g e s  in  e n z y m e  tu rn o v e r  ra te s . T h e  la tte r  
m e c h a n is m , th e  d e g ra d a t io n  o f  p ro te in s  b y  p r o t e o ly t ic  e n z y m e s  as p a r t  o f  e n z y m e -  
t u rn o v e r ,  is  k n o w n  as c a ta b o lite  in a c t iv a t io n  a n d  w a s  p ro p o s e d  a fte r  th e  o b s e rv a t io n  
th at th e  k in e t ic s  o f  re p re s s io n  o f  th e  re s p ira to ry  p a th w a y s  e x is t  in  h ig h  as w e ll  as lo w  
t im e -c o n s ta n ts  ( H o lz e r ,  1 9 7 6 ; c ite d  b y  Y o u n g ,  1 9 8 7 ). T h e  f in d in g  th a t an  is o e n z y m e  o f  
m a la te  d e h y d ro g e n a s e  f r o m  S. ce rev is ia e  is  in a c t iv a te d  b y  a  p r o t e o ly t ic  p ro c e s s  
( H a g e le ,  N e f f ,  &  M e c k e ,  1978; c ite d  b y  Y o u n g ,  1 9 8 7 ) fu r th e r  s u p p o rte d  th e  id e a  o f  
in a c t iv a t io n ,  as d id  th e  r e c o g n it io n  o f  s e v e ra l p r o t e o ly t ic  e n z y m e s  w ith in  y e a s t  v a c u o le s  
( M e u s s d o e fe r ,  1978; c ite d  b y  F ie c h t e r  e t a l ., 1 9 8 1 ) w h ic h  a re  s u b je c t  to g lu c o s e  
re p re s s io n  (H a n s e n , S w it z e r ,  H in z e ,  &  H o lz e r ,  1 9 7 7 ; F r e y  &  R o h m ,  1 9 7 7 ; c ite d  b y  
F ie c h t e r  e t a l., 1 9 8 1 ). T a k e d a  (1 9 8 1 )  p r o v id e d  fu rth e r  e v id e n c e ,  b a se d  o n  in h ib it o r  
s tu d ie s , th at s u p p o rte d  th e  id e a  o f  g lu c o s e - in d u c e d , s e le c t iv e  p r o t e o ly s is  as a  c o n t ro l  
m e c h a n is m  w ith  e s p e c ia l re g a rd  to  th e  in a c t iv a t io n  o f  m it o c h o n d r ia l  e n z y m e s .  
I n v e s t ig a t io n s  fo c u s  o n  th e  c o n t r o l o f  th e  p ro te in a s e s  th e m s e lv e s , in c lu d in g  th e ir  
in a c t iv a t io n  ( F ie c h te r  e t  a l.,  1 9 8 1 ) a n d  o n  th e  ta rg e t in g  o f  e n z y m e s  to  b e  in a c t iv a te d  b y  
p h o s p h o r y la t io n  ( G a n c e d o  &  S e r ra n o , 1 9 8 9 ). W o l f  (1 9 8 6 )  p r o v id e s  a  c o n c is e  r e v ie w  o f  
th e  in v o lv e m e n t  o f  p ro te in a s e s  in  c e l lu la r  c o n t ro l.
A lt h o u g h  th e  p r e c is e  tra n s d u c e rs  o f  th e  C ra b t re e  e f fe c t  a re  u n k n o w n , g lu c o s e  is  
n o t  se e n  as the p r im a r y  e f fe c to r  s in c e  it  d o e s  n o t  a c c u m u la te  to  a n y  e x te n t  in s id e  th e  
c e l l  ( S u o m a la in e n  &  O u r a ,  1 9 7 1 ; K o t y k  &  J a n a c e k , 1970; c ite d  b y  L ie v e n s e  &  L i m ,
1 9 8 2 ). O t h e r  m e ta b o lite s  th at h a v e  b e e n  c o n s id e re d  in c lu d e  A T P  a n d  N A D H  (v o n  
M e y e n b e r g ,  1969; P o la k is  e t a l.,  1965; c ite d  b y  L ie v e n s e  &  L i m ,  1 9 8 2 ); T C A  c y c le  
in te rm e d ia te s  ( M o r  &  F ie c h t e r ,  19 6 9 ; c ite d  b y  L ie v e n s e  &  L i m ,  1 9 8 2 ); g lu c o s e - 6 -  
p h o s p h a te  ( G o r ts ,  1 9 71; c ite d  b y  L ie v e n s e  &  L i m ,  19 8 2 ); a n d  c y c l i c  A M P  ( F ie c h te r  e t  
a l.,  1 9 8 1 ). F u r th e r , th e  a d d it io n  o f  n u c le o t id e s ,  c A M P  in c lu d e d ,  c a n  re v e rs e  th e
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C ra b tre e  e f fe c t  in  re p re s s e d  c e l ls  ( F a n g  &  B u t o w ,  1970; c ite d  b y  L ie v e n s e  &  L i m ,
1 9 8 2 ). C o m p a r is o n s  to  p r o k a r y o t ic  m o d e ls  o f  c A M P  r e g u la t io n  h a v e  b e e n  m a d e  b u t  
d u e  to  th e  la c k  o f  d a ta  a v a ila b le  f o r  y e a s t  c A M P  s y s te m s  ( E r a s o  &  G a n c e d o ,  1984; 
M a t s u m o t o ,  U n o ,  I s h ik a w a , O s h im a , 1 9 8 3 ), re s e rv a t io n s  h a v e  b e e n  m a in ta in e d  
( F ie c h te r  e t a l.,  1 9 8 1 ) a n d  are  p r o v in g  w e l l- fo u n d e d  ( G a n c e d o  &  S e r ra n o , 1 9 8 9 ). T h e  
r e g u la to ry  d o m a in  o f  a  h e x o k in a s e  is o z y m e , H K  P II, h a s  b e e n  im p lic a t e d  in  th e  
e x p re s s io n  o f  th e  g lu c o s e  re p re s s io n  ( N ie d e r a c h e r  &  E n t ia n ,  1 9 8 7 ; E n t ia n  &  F r o h l ic h ,  
1 9 8 4 ).
B a r f o r d  a n d  H a l l  (1 9 8 1 ; c ite d  b y  L ie v e n s e  &  L i m ,  1 9 8 2 ) h a v e  re p o rte d  re s u lts  in  
g lu c o s e - lim it e d  c o n t in u o u s  c u ltu re  th at d is p u te  s o m e  a sp e cts  o f  th e  C ra b t re e  e ffe c t .  
T h e i r  c u ltu re s  s h o w e d  an a d a p t iv e  s a tu ra t io n  o f  o x id a t iv e  m e ta b o lis m  w h e n  h e ld  at a 
fe rm e n ta t iv e  d i lu t io n  ra te , w ith  n o  a c tu a l re p re s s io n  o f  re s p ira t io n  b e in g  o b s e rv e d ,  
a lth o u g h  re p re s s io n  w a s  seen  d u r in g  th e  e x p o n e n t ia l p h a s e  o f  a  b a tch  c u ltu re . 
P r e v io u s ly ,  K a r r e r  (1 9 7 8 ; c ite d  b y  F ie c h t e r  e t  a i ,  1981) h a d  fo u n d  th at th e  c r it ic a l  
d ilu t io n  ra te  at w h ic h  g lu c o s e  re p re s s io n  sets in  is  s t ro n g ly  d e p e n d e n t  o n  th e  g lu c o s e  
c o n c e n tra t io n  o f  th e  in c o m in g  m e d ia  in  th e  c o n t in u o u s  c u ltu re .  T h i s  is  n o t  o n ly  in  
d ir e c t  c o n t ra d ic t io n  to  th e  th e o re t ic a l e x p e c ta t io n s  o f  c o n t in u o u s  c u ltu re ,  b u t  a ls o  in v ite s  
a re c o n s id e r a t io n  o f  S c h a tz m a n n 's  (1 9 7 5 )  a rg u m e n t  that a  d e f in a b le  g ly c o ly t ic  f lu x  
e x is ts , c o r r e s p o n d in g  to  a s p e c if ic  d i lu t io n  ra te , at w h ic h  re p re s s io n  sets in . T h e  
a rg u m e n t  th at re g u la t io n  is  d y n a m ic  in  n a tu re  a n d  that r e p re s s io n  is  d e p e n d e n t  o n  
m e ta b o lic  ra te s  ra th e r  th a n  g lu c o s e  c o n c e n tra t io n  a lo n e  ( B e c k  &  v o n  M e y e n b e r g ,  1968; 
c ite d  b y  L ie v e n s e  &  L im s ,  1 9 8 2 ) is  a ls o  p e rt in e n t. F u r th e r ,  B r a n d l i  (1 9 8 0 ; c ite d  b y  
F ie c h t e r  e t a l . , 1 9 8 1 ) o b s e rv e d  a s h if t  in  th e  o n s e t o f  re p re s s io n  d u e  to an  F e - C u  
l im it a t io n  in  a  m e d iu m  u se d  f o r  s tu d ie s  o f  S ch izo sa cch a ro m yces p o m b e ; i.e . th e  
l im it a t io n  in d u c e s  re p re s s e d  g ro w th  at lo w  d i lu t io n  rates w h e re  th e  g ly c o ly t ic  f lu x  is  
m u c h  le s s  th an  th e  f lu x  o b s e rv e d  at th e  o n s e t  o f  re p re s s io n  in  th e  n o n - lim it e d  m e d iu m .  
T h e  c o n c lu s io n  is  th a t th e  o n s e t o f  re p re s s io n  c a n  b e  a lte re d  b y  c h a n g e s  in  th e  g ro w th -  
ra te  lim it a t io n s  e x is t in g  w ith in  th e  e n v ir o n m e n t .  F ie c h t e r  e t  a l. (1 9 8 1 )  a rg u e d  th at
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s ig n if ic a n t  p h y s io lo g ic a l  c h a n g e s  o c c u r  in  re s p o n s e  to  a l im it e d  c a p a c it y  o f  c e l lu la r  
m e ta b o lis m  th at is  g o v e rn e d  a n d  in tro d u c e d  b y  th e se  e n v ir o n m e n ta l l im it a t io n s .
R ie g e r  e t  a l. (1 9 8 3 )  o b s e rv e d  in  c o n t in u o u s  c u ltu re  th a t an  u p p e r  l im it  to the  
o x y g e n  u p ta k e  ra te  w a s  re a c h e d  d u r in g  g ro w th  o n  g lu c o s e  a n d  o n  g lu c o s e  p lu s  e th a n o l 
th at, to g e th e r  w ith  th e  fa c t  th at e th a n o l c o n s u m p t io n  a p p e a re d  to  b e  l im it e d  b y  th is  
re s p ira t io n  ra te , le d  th e  a u th o rs  to  h y p o th e s iz e  a  " l im ite d  r e s p ira to ry  c a p a c it y "  w ith in  
th e  c e l ls .  T h e  p u ls in g  o f  e x c e s s  g lu c o s e  in to  a  c o n t in u o u s  c u ltu re  o f  r e s p ir in g  S. 
uvarum  c e l ls  c a u s e d  n o  re p re s s io n  o f  re s p ira t io n  b u t d id  in d u c e  a fe rm e n ta t iv e  re s p o n s e  
(P e tr ik  e t a l.,  1 9 8 3 ) a n d  it  w a s  c o n c lu d e d  that an  o v e r f lo w  re a c t io n  w a s  ta k in g  p la c e  at 
p y ru v a te , a  h y p o th e s is  in  k e e p in g  w ith  th e  k in e t ic  d a ta  o f  th e  tw o  e n z y m e s  as d e ta ile d  
in  s e c t io n  1.2 a b o v e . M c D o n a ld  a n d  T s a i ,  (1 9 8 9 )  p r o v id e  a  s u c c in c t  s u m m a r y  o f  th e  
a b o v e  a rg u m e n t.
A n  u p w a rd s  s h if t  in  d ilu t io n  ra te  f r o m  a r e s p ira t iv e  r a n g e  to  a  m o re  fe r m e n ta t iv e  
ra n g e  re v e a le d  a lo n g - t e rm  a d a p ta t io n  o f  c e l lu la r  p h y s io lo g y  ( P e t r ik  e t a l., 1 9 8 3 ) w ith  a 
d e c re a s e  in  th e  m it o c h o n d r ia l  c y t o c h r o m e  c o n te n t. T h e  o v e r f lo w  re a c t io n , k n o w n  as 
'the  s h o rt- te rm  C ra b t re e  e ffe c t ' a n d  th e  s u b s e q u e n t p h y s io lo g ic a l  a d a p ta t io n  is  b e lie v e d  
to  b e  c a u s e d  b y  tw o  se p a ra te  m e c h a n is m s  ( K a p p e l i ,  1 9 8 6 ).
B a r f o r d  (1 9 8 5 )  s im i la r ly  p ro p o s e d  th at th e re  is  a  m a x im u m  re s p ira to ry  c a p a c it y  
e x is t in g  w ith in  th e  c e l ls ,  w h ils t  K a p p e l i  (1 9 8 6 )  s u m m a r iz e s  th e  ty p e s  o f  g lu c o s e  
m e ta b o lis m  d is t in g u is h a b le  in  y e a s t  c e l ls  a c c o r d in g  to  th e  p r e v a i l in g  e n v ir o n m e n ta l  
c o n d it io n s ,  a n d  p ro p o s e s  th at th e  l im it e d  re s p ira to ry  c a p a c it y  is  th e  b a s is  f o r  're s p iro -  
fe r m e n ta t iv e  g ro w th '. D u r in g  r e s p iro - fe rm e n ta t io n , sa tu ra t io n  o f  th e  re s p ira to ry  
p a th w a y  re s u lts  in  an o v e r f lo w  o f  p y ru v a te  to w a rd s  th e  fe r m e n ta t iv e  p a th w a y  w h ic h  in  
tu rn  c a u s e s  c h a n g e s  in  th e  c e l lu la r  c o n c e n tra t io n  and /o r p r o d u c t io n  ra te  o f  m e ta b o lite s  
s u c h  a s N A D H  ( B e y e le r ,  E in s e le ,  &  F ie c h t e r ,  1981; c ite d  b y  K a p p e l i ,  1 9 8 6 ), c a rb o n  
d io x id e  ( K a p p e l i ,  A r r e g u in ,  &  R ie g e r ,  1 9 8 5 ) a n d  e th a n o l th at m a y  s e rv e  as e f fe c to rs  fo r  
th e  lo n g - t e rm  p h y s io lo g ic a l  c h a n g e s . K a p p e l i  (1 9 8 6 )  n o te s  th a t the id e a  o f  re p re s s io n  
as a  m e c h a n is m  f o r  th e  r e g u la t io n  o f  g lu c o s e  m e ta b o lis m  e m e rg e d  b e fo re  the  
r e c o g n it io n  ( P e tr ik  e t a l.,  1 9 8 3 ) o f  th e  a b o v e - m e n t io n e d  p h y s io lo g ic a l  sta te s, a n d  a rg u e s
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th at w h ils t  re p re s s io n  m a y  b e  a  r e g u la to ry  o p t io n  f o r  th e  c e rta in  e n z y m e s  ( f o r  e x a m p le s ,  
see  G a n c e d o  &  S e r ra n o , 1 9 8 9 ) it  is  in s u f f ic ie n t  in  e x p la in in g  th e  n o n -re p re s s e d  
p h y s io lo g ic a l  states o b s e rv e d  in  c o n t in u o u s  c u ltu re .
T h e  c o n c lu s io n  o f fe re d  b y  K a p p e l i  (1 9 8 6 ) , is  th at g lu c o s e  u t i l iz a t io n  in  S. 
cere v is ia e  a n d  re la te d  y e a sts  p ro c e e d s  b y  s e v e ra l p a th w a y s  w h o s e  r e la t iv e  c o n t r ib u t io n  
is  d e p e n d e n t  o n  th e  p r e v a i l in g  e n v ir o n m e n ta l c o n d it io n s  a n d  th e ir  in f lu e n c e  o n  f ir s t ly  
th e  re s p ir a t iv e  c a p a c it y  o f  th e  c e l l  a n d  s e c o n d ly  th e  m a g n itu d e  o f  th e  fe rm e n ta t iv e  
p a t h w a y , a n d  th at r e s p iro - fe rm e n t a t iv e  m e ta b o lis m  c a n  a c c o u n t  f o r  p h e n o m e n a  that 
h a v e  h ith e rto  b e e n  e x p lo r e d  as re g u la to ry  d e v ic e s  in  th e ir  o w n  r ig h t . T h e  C ra b tre e  
e f fe c t  is  seen  as b e in g  th e  in it ia l  a tte m p t to  e x p la in  re s p iro - fe rm e n t a t iv e  m e ta b o lis m  b y  
w a y  o f  re p re s s io n  m e c h a n is m s  a n d  th e  " P a s te u r  E f f e c t "  is  v ie w e d  as b e in g  a  p re m a tu re  
t r ig g e r in g  o f  re s p iro - fe rm e n t a t iv e  b e h a v io u r  b y  o x y g e n  lim it a t io n .  T h e  la tte r  v ie w  
in d ic a te s  th a t th e  c e ll 's  r e s p ira to ry  c a p a c it y  c a n  b e  d e c re a s e d  b y  th e  r e d u c t io n  o f  o x y g e n  
le v e ls  (a n d  e v e n tu a lly  e x t in g u is h e d  u n d e r  a n a e ro b ic  c o n d it io n s )  w h ic h  is  in  a c c o r d  w ith  
K a r r e r  (1 9 7 8 )  a n d  B r a n d li 's  (1 9 8 0 )  f in d in g s  (c ite d  b y  F ie c h t e r  e t a l.,  1 9 8 1 ), m e n t io n e d  
a b o v e . K a p p e l i  (1 9 8 6 )  su g g e s ts  th a t g lu c o s e  re p re s s io n  m a y  b e  a m e c h a n is m  f o r  the  
lo n g - t e r m  a d a p ta t io n  o f  c e r ta in  e n z y m e s  d u r in g  re s p iro - fe rm e n t a t iv e  m e ta b o lis m  that 
y ie ld s  a  g iv e n  p h y s io lo g ic a l  state , a n d  th at th e  a llo s t e r ic  c o n t ro l m e c h a n is m  o f  
p h o s p h o fr u c t o k in a s e  ( s e c t io n  1 .2 .3 .2 : T h e  P a s te u r  E f f e c t )  w i l l  s t i l l  b e  o f  fu n d a m e n ta l  
im p o r ta n c e  in  g ly c o ly s is .  A  s c h e m a t ic  re p re s e n ta t io n  o f  th e  p o s s ib le  c o - o p e ra t iv e  
b e h a v io u r  o f  th e se  m e c h a n is m s  h a s  b e e n  p re s e n te d  b y  K a p p e l i  (1 9 8 6 ).
C o m p a r a t iv e  s tu d ie s  o f  a  C r a b t r e e - p o s it iv e  y e a s t  (S . c e rev is ia e ) a n d  a  C ra b t re e ­
n e g a t iv e  y e a st ( C .  utilis)  d u r in g  g lu c o s e  p u ls in g  in to  a g lu c o s e - lim it e d  c h e m o s ta t  
s h o w e d  th a t th e  p y ru v a te  d e h y d ro g e n a s e  a c t iv it ie s  a n d  th e  k in e t ic s  o f  m it o c h o n d r ia l  
p y r u v a te  o x id a t io n  a re  s im ila r  (v a n  U r k  e t  a l . , 1 9 8 9 a  a n d  1 9 8 9 b ) b u t  d if fe r e n c e s  
b e tw e e n  th e  le v e ls  o f  p y r u v a te  d e c a r b o x y la s e  a n d  th e  s e n s it iv it y  o f  th e  e n z y m e  to  
in o r g a n ic  p h o s p h a te  e x is t  (v a n  U r k  e t a l., 1 9 8 9 b ). It is  su g g e s te d  (v a n  U r k  e t a l., 
1 9 8 9 b ) th at th e  in c re a s e d  g ly c o ly t ic  a c t iv it y  a fte r  th e  p u ls e  g iv e s  in c re a s e d  le v e ls  o f  
p y r u v a te  th at a re  u se d  b y  th e  h ig h e r  le v e ls  o f  p y r u v a te  d e c a rb o x y la s e  p re s e n t  w ith in  the
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c e l ls  o f  S. cerev is ia e .  T h e  d e cre a s e  in  p h o s p h a te  le v e ls  c o m m e n s u r a te  w ith  the  
in c re a s e d  g ly c o ly t ic  a c t iv it y  re le a s e s  the p y ru v a te  d e c a rb o x y la s e  o f  S. c e rev is ia e  f r o m  
a llo s t e r ic  in h ib it io n  to  a  g re a te r  e x te n t th a n  w o u ld  o c c u r  w ith in  C .  u tilis  fu r th e r  
e n h a n c in g  the c o n t r ib u t io n  o f  the fe rm e n ta t iv e  p a th w a y  w ith in  S. cerev is ia e  ( v a n  U r k  et 
a l ,  1 9 8 9 b ).
The Custer Effect
S c h e f fe r s  (1 9 6 6 )  c o in e d  th is  p h ra s e  to  d e s c r ib e  a n e g a t iv e  P a s te u r  e f fe c t  o b s e rv e d  
in  m a n y  g lu c o s e - fe r m e n t in g  y e a sts  ( S c h e f fe r s  &  W ik e n ,  19 6 9 ) w h e re b y  the  
fe r m e n ta t io n  o f  g lu c o s e  is  in h ib ite d  d u r in g  a n a e ro b io s is  ( C u s te rs , 1 9 4 0 ; W ik e n ,  
S c h e f fe r s ,  &  V e r h a a r ,  19 6 1 ; c ite d  b y  S c h e f fe r s ,  1 9 6 6 ). W h i ls t  it s  e x te n t a p p e a rs  to  b e  
in f lu e n c e d  b y  the in it ia l  g lu c o s e  c o n c e n tra t io n  ( C a r ra s c o s a , V ig u e r a ,  N u n e z  d e  C a s t r o ,  
&  S c h e f fe r s ,  1 9 8 1 ), tra ce  q u a n t it ie s  o f  o x y g e n  o r  o r g a n ic  H - a c c e p t o r s  r e m o v e  th e  e f fe c t  
( S c h e f fe r s ,  1 9 6 6 ). S c h e f fe r s  (1 9 6 6 )  p o s tu la te d  th at th e  e f fe c t  m a y  b e  d u e  to  a  sh o rta g e  
o f  N A D ,  w h ils t  S c h e f fe r s  (1 9 7 9 )  s h o w e d  th at, u n d e r  a n a e ro b ic  c o n d it io n s ,  th e  ra t io  o f  
N A D - t o - N A D H  f a l ls  s h a rp ly  u p o n  th e  a d d it io n  o f  g lu c o s e  to  th e  c u ltu re . S c h e f fe r s  a n d  
M is s e t  (1 9 7 4 )  h y p o th e s iz e d  th at the p ro d u c t io n  o f  a c e t ic  a c id  a n d  the c o n c o m ita n t  
r e d u c t io n  o f  N A D  m a y  b e  th e  m e c h a n is m  f o r  th e  e f fe c t ,  w h ils t  C a r r a s c o s a  e t a l  (1 9 8 1 )  
fu r th e r  im p lic a t e d  the a c t iv it y  o f  th e  N A D - l i n k e d  a ld e h y d e  d e h y d ro g e n a s e  b y  s h o w in g  
that, in  B re tta n o m yces  s p e c ie s , the  acetate  is  n o t  tra n s fo rm e d  to  a c e t y l - C o A  b u t is  
in s te a d  la r g e ly  e x c re te d  in to  th e  m e d iu m , w h ic h  is  n o t th e  c a s e  in  S acch a ro m yces  
s p e c ie s . T h e  m e c h a n is m  b e h in d  th is  b e h a v io u r  is  n o t  c le a r ly  u n d e rs to o d  b u t  it  a p p e a rs  
th at re d u c e d  a c t iv it y  o f  the a c e t y l - C o A  sy n th e ta se  is  n o t  re s p o n s ib le  ( C a r ra s c o s a  e t a l . , 
1 9 8 1 ). W ij s m a n  e t a l  (1 9 8 4 )  p r o v id e d  fu r th e r  e v id e n c e  that th e  C u s t e r  e f fe c t  is  d u e  to  
an  im b a la n c e  o f  re d o x  c o u p le r s  as a  re s u lt  o f  a c e t ic  a c id  p r o d u c t io n  a n d  th e  o rg a n is m 's  
in a b i l i t y  to  p ro d u c e  g ly c e r o l .
S c h e f fe r s  (1 9 7 9 )  states th at S. cerev is ia e  e x h ib it s  a  t ra n s ie n t  C u s t e r  e f fe c t  w h e n  
g lu c o s e  is  in t r o d u c e d  to  an  a n a e ro b ic  c u ltu re  o f  c e l ls  g ro w n  o n  e th a n o l b u t  d o e s  n o t  
e x h ib it  an  e f fe c t  u n d e r  a e ro b ic  c o n d it io n s  g r o w in g  o n  g lu c o s e .
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Glucose T ransport
T h e  tra n s p o rt  o f  g lu c o s e  a c ro s s  th e  c e l l  m e m b ra n e  is  se e n  as a  l i k e ly  re g u la t io n  
p o in t  f o r  g ly c o ly s is  (S e rra n o  &  D e la F u e n t e ,  19 7 4 ; K o t y k  &  K le in z e l le r ,  1 9 6 7 ), as 
g lu c o s e  d o e s  n o t  a c c u m u la te  to  a n y  e x te n t w ith in  th e  c e l l  th u s  in d ic a t in g  a  s u f f ic ie n c y  
o f  m e ta b o lis m  o v e r  t ra n s p o rt  ( B e c k e r  &  B e t z ,  1 9 72; c ite d  b y  G a n c e d o  &  S e r ra n o ,
1 9 8 9 ). T h e r e  a re  tw o  tra n s p o rt  sy s te m s  d e s c r ib e d  ( G a n c e d o  &  S e r ra n o , 1 9 8 9 ), th e  f ir s t  
w ith  a lo w  K m  ( I m M )  a n d  th e  s e c o n d  w ith  a  h ig h  K m  ( 2 0 m M ) ,  w ith  th e ir  p re s e n c e  
b e in g  d e p e n d e n t  o n  th e  h e x o s e  k in a s e s  p re s e n t in  th e  c e l l  ( B is s o n  &  F r a e n k e l,  1983; 
c ite d  b y  G a n c e d o  &  S e r ra n o , 1 9 8 9 ). G lu c o s e  tra n s p o rt  h a s  b e e n  im p lic a t e d  in  the  
P a s te u r  e f fe c t  w ith  th e  s u g g e s t io n  (S a la s , V in u e la ,  S a la s , &  S o ls ,  1965; c ite d  b y  
L a g u n a s  &  G a n c e d o ,  1 9 8 3 ) th at th e  a c c u m u la t io n  o f  g lu c o s e - 6 - p h o s p h a te  d u r in g  th e  
in h ib it io n  o f  p h o s p h o fr u c t o k in a s e  re s u lts  in  th e  o b s e rv e d  (S e rra n o  &  D e la F u e n t e ,  1 974)  
d e c re a s e  in  th e  a f f in it y  o f  th e  c a r r ie r  f o r  g lu c o s e  ( A lo n s o ,  P a s c u a l,  R o m a y ,  H e r r a r a , &  
K o t y k ,  1 989) u n d e r  a e ro b io s is ,  a lth o u g h  th is  c o n c e p t  has b e e n  q u e s t io n e d  b y  L a g u n a s  
a n d  G a n c e d o  (1 9 8 3 ).
1.2.3.2. The Influence o f  O xygen on Y east Physiology
T h e  in v o lv e m e n t  o f  o x y g e n  in  b re w e ry  fe rm e n ta t io n s  h a s  lo n g  b e e n  e s ta b lis h e d  
( B r o w n ,  19 1 4 ; c ite d  b y  T y a g i ,  1 9 8 4 ), w ith  s tu d ie s  r e v e a lin g  its  in f lu e n c e  o n  m a n y  
a sp e cts  o f  c e l l  m e ta b o lis m  in c lu d in g  v ia b i l i t y ,  r e p r o d u c t iv e  a b i l i t y ,  g ro w th  a n d  th e  
p r o d u c t io n  o f  f la v o u r  m e ta b o lite s  s u c h  as ace ta te , p y ru v a te , e s te rs  a n d  h ig h e r  a lc o h o ls  
( K ir s o p ,  1 9 7 4 ). A s  J o n e s  e t a l. (1 9 8 1 )  p o in t  o u t, m o le c u la r  o x y g e n  in  S. ce re v is ia e  has  
s e v e ra l a sp e cts  to  its  in v o lv e m e n t  ( F ie c h te r  e t  a l.,  1 981) b o th  in  b io s y n th e t ic  a n d  
c a t a b o lic  p a th w a y s , w h ic h  c o m p lic a t e s  th e  u n d e rs ta n d in g  o f  its  in f lu e n c e  o n  th e  c e l l  a n d  
th e  d is t in c t io n  b e tw e e n  a n y  r e g u la to ry  fu n c t io n s  a n d  its  ro le  as a n u tr ie n t  c o m p o n e n t .
T h e  r o le  o f  o x y g e n  in  e th a n o l fe rm e n ta t io n  is  n o t  w e ll  u n d e rs to o d  ( T y a g i ,  1 9 8 4 ), 
a n d  w h ils t  t r a d it io n a l ly  fe rm e n ta t io n  is  an  a n a e ro b ic  p ro c e s s , it  is  k n o w n  th at tra ce  
q u a n t it ie s  o f  o x y g e n  c a n  s t im u la te  fe rm e n ta t io n  ra te s  ( W ik e n ,  1 9 6 1 ; W h it e  &  M u n n s ,  
1 9 5 1 ; c ite d  b y  T y a g i ,  1 9 8 4 ), th e  k in e t ic s  o f  g ro w th  a n d  th e  f in a l  y ie ld  ( P ir o n t i,  19 7 1 ;
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c ite d  b y  T y a g i ,  1 9 8 4 ) th ro u g h  its  in v o lv e m e n t  in  th e  s y n th e s is  o f  m e m b ra n e  
c o m p o n e n ts  ( K ir s o p ,  1 9 7 4 ). S t r a c t u r a l ly - s ig n if ic a n t  u n sa tu ra te d  fa t t y - a c y l re s id u e s  in  
l ip id s ,  s te ro ls  ( A n d r e a s e n  &  S t ie r , 1 9 5 4 ; c ite d  b y  Q u a in ,  1 9 8 8 ) a n d  n ic o t in ic  a c id  
( T y o r in o ja ,  N u r m in e n ,  &  S u o m a la in e n , 1 9 74; c ite d  b y  R o s e , 1 9 8 7 ) re q u ir e  m o le c u la r  
o x y g e n  f o r  th e ir  s y n th e s is  b y  th e  y e a s t  b o th  in  th e  sta rte r c u ltu re  a n d  at th e  b e g in n in g  o f  
th e  m a in  fe rm e n ta t io n  ( T h u r s t o n , Q u a in ,  &  T u b b ,  1982; c ite d  b y  Q u a in ,  1 9 8 8 ). 
A v a i la b i l i t y  o f  th e se  c o m p o u n d s  w i l l  in f lu e n c e  s u b s e q u e n t g ro w th  a n d  p e r fo r m a n c e  
( Q u a in ,  1 9 88; J o n e s  e t a l ., 1 9 8 1 ) a c c o r d in g  to s tra in  ty p e  ( K ir s o p ,  1 9 7 4 ). H u n t e r  an d  
R o s e  (1 9 7 1 ) , a n d  T y a g i  (1 9 8 4 )  h a v e  r e v ie w e d  th e  in te ra c t io n  o f  g ro w th  a n d  c e l l  
m e ta b o lis m  w ith  fa tty  a c id s  a n d  s te ro ls  d u r in g  w o r t  fe rm e n ta t io n s . Y e a s t  p ro p a g a t io n  
in  th e  p re s e n c e  o f  o x y g e n  c a n  fu r th e r  a f fe c t  th e  s tru c tu ra l c o m p o s it io n  o f  th e  ye a st, 
w h e re b y  th e  o x y g e n  c h a n g e s  th e  m o r p h o lo g y  o f  th e  c e l ls  b y  a f fe c t in g  th e  n itro g e n  
u t il iz a t io n  o f  th e  y e a s t  ( Jo n e s  &  P ie r c e , 1 9 6 4 ; c ite d  b y  T y a g i ,  1 9 8 4 ) w h ic h  a lte rs  the  
c a r b o n - to - n it r o g e n  ra t io  ( K ir s o p ,  1 9 7 4 ), a  fa c t o r  s h o w n  to  a lte r  c e l l  s h a p e  ( B r o w n  &  
H o u g h ,  1 9 65; c ite d  b y  K i r s o p ,  1 9 7 4 ).
Y e a s t  r e s p ira to ry  a c t iv ity  h a s  a h ig h  re q u ire m e n t  f o r  d is p o s a b le  m o le c u la r  o x y g e n  
as a f in a l  e le c tro n  a c c e p to r  w ith in  th e  r e s p ira to ry  c h a in  as r e d u c in g  p o w e r  f r o m  th e  
T C A  c y c le  is  p a s s e d  to  n a s c e n t A T P .  O r ig in a l ly ,  it  w a s  th o u g h t th a t o x y g e n 's  r o le  w a s  
p a s s iv e , a c t in g  as a  c a ta ly s t  th at a c t iv a te d  th e  h y d ro g e n  o f  th e  o x id a t io n  re a c t io n s  
( H o r e c k e r ,  1 9 7 8 ), b u t  w h e n  W a r b u r g  (1 9 4 9 ; c ite d  b y  H o r e c k e r ,  1 9 7 8 ) e x p lo r e d  y e a st  
r e s p ira t io n  a n d  th e  in v o lv e m e n t  o f  o x y g e n  a n d  ir o n  u s in g  c y a n id e  as an  in h ib it o r ,  
d if fe r e n c e s  w e re  o b s e rv e d  b e tw e e n  th e  re s p ira t io n  ra te s o f  b re w e r 's  y e a s t  a n d  w i ld  
y e a s ts , a n d  th e  c o n c lu s io n  w a s  m a d e  th a t th e  ra te  o f  r e s p ira t io n  d e p e n d e d  o n  th e  
o x y g e n - c o n d it io n s  o f  th e  c u ltu re  ( W a r b u r g ,  1 9 49; c ite d  b y  H o r e c k e r ,  1 9 7 8 ). 
N e v e r t h e le s s ,  it  h a s  b e e n  a rg u e d  th at th e  p re s e n c e  o f  o x y g e n  b e c o m e s  e n e r g e t ic a l ly  
ir re le v a n t  to  S. ce rev is ia e  g r o w in g  o n  g lu c o s e  (g ro w th  o n  e th a n o l is  p o s s ib le  o n ly  i f  
o x y g e n  is  p re s e n t) , as 95%  o f  th e  su b stra te  is  fe rm e n te d  ( L a g u n a s , 1 9 7 9 ) u n d e r  h ig h  
g lu c o s e  c o n c e n tra t io n s  d u e  to  th e  C ra b t re e  e f fe c t  ( L a g u n a s , 1 9 8 2 ).
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The Pasteur Effect
P a s te u r  o r ig in a l ly  m a d e  th e  o b s e rv a t io n  th at y e a sts  u n d e r  a e ro b ic  c o n d it io n s  
c o n s u m e d  s ig n if ic a n t ly  le s s  s u g a r  to f o r m  th e  sa m e  q u a n t ity  o f  y e a s t  as w a s  fo r m e d  
u n d e r  a n a e ro b ic  c o n d it io n s  (P a s te u r, 1 861) c o n c lu d in g  th at fe rm e n ta t io n  is  in h ib ite d  in  
th e  p re s e n c e  o f  o x y g e n  (P a s te u r, 1 8 6 7 ; c ite d  b y  F ie c h t e r  e t a l ., 1 9 8 1 ). A f t e r  f ir s t  b e in g  
o b s e r v e d  in  y e a sts , th e  p h e n o m e n o n  h a s  s u b s e q u e n t ly  b e e n  re c o rd e d  in  s k e le ta l a n d  
h e a rt m u s c le ,  b ra in  a n d  l iv e r  t issu e , th e  k id n e y  c o r te x , N o v i k o f f  h e p a to m a  a n d  
a d e n o c a r c in o m a  ( T e jw a n i &  R a m a ia h ,  1971; c ite d  b y  T e jw a n i,  1 9 7 8 ).
T h e  p h e n o m e n o n  w a s  te rm e d  b y  W a r b u r g  (1 9 2 6 ; c ite d  b y  R a c k e r ,  1 9 7 4 ) as th e  
P a s te u r  E f f e c t  a n d  s u b s e q u e n t ly  b e c a m e  in te rp re te d  as m e a n in g  a d e c re a s e  in  th e  
g lu c o s e  u p ta k e  ra te  d u r in g  re s p ira t io n  ( B u r k ,  1 9 39; c ite d  b y  R a c k e r ,  1 9 7 4 ), s h o w n  
e x p e r im e n t a l ly  to  b e  th e  c a s e  in  're s tin g ' c e l ls  ( L y n e n ,  H a r t m a n n , N e t te r , &  S c h u e g r a f ,  
19 5 9 ; c ite d  b y  R a c k e r ,  19 7 4 ) b u t  n o t in  g r o w in g  c e l ls  ( S c h a tz m a n n , 1 9 7 5 ; c ite d  b y  
F ie c h t e r  e t a l., 1 9 8 1 ). T h e  P a s te u r  e f fe c t  w a s  r e c o g n is e d  as in d ic a t in g  th e  p re s e n c e  o f  a  
re g u la to r y  s y s te m  o n  th e  E M P  p a th w a y  ( G a n c e d o  &  S e r ra n o , 1 9 8 9 ), a lth o u g h  in  
r e v ie w in g  th e  h is t o r y  o f  th e  e f fe c t ,  R a c k e r  (1 9 7 4 )  n o te d  th at th e re  w a s  m u c h  c o n fu s io n  
a n d  c o n t r o v e r s y  re g a rd in g  its  r o le  as a c o n t r o l m e c h a n is m , a n d  th at m e a s u re m e n ts  o f  
e n d - p ro d u c ts  ra th e r  th a n  s tu d ie s  o n  g lu c o s e -u p ta k e  o r ig in a l ly  d is tra c te d  th in k in g  f r o m  
th e  a re a s  at w h ic h  c o n t r o l m ig h t  o p e ra te . T h i s  v ie w  w a s  a ls o  m a in ta in e d  b y  F ie c h t e r  e t  
al. (1 9 8 1 )  w h o  a rg u e d  th at th e  c e l l  ty p e  a n d  th e ir  u p ta k e  m e c h a n is m s , as w e l l  as th e  
e x p e r im e n ta l c o n d it io n s ,  in f lu e n c e d  th e  d if fe r e n c e s  o b s e rv e d  b e tw e e n  re s t in g  a n d  
g r o w in g  c e l ls .
T h e  P a s te u r  p h e n o m e n o n  is  n o w  d e s c r ib e d  as an  in h ib it io n  o f  th e  g ly c o ly t ic  
p a t h w a y  in  th e  p re s e n c e  o f  o x y g e n  re s u lt in g  in  an  in h ib it io n  o f  fe r m e n ta t io n  ( F ie c h t e r  e t  
a l.,  1 9 8 1 ), w h ic h  is  to  b e  seen  as a  c o n t r o l m e c h a n is m , o p e ra t in g  at s e v e ra l le v e ls ,  th at  
b a la n c e s  th e  c o m p e t it io n  b e tw e e n  fe rm e n ta t io n  a n d  r e s p ira t io n  f o r  su b stra te  ( R a c k e r ,  
1 9 7 4 ). T h e  id e a  w a s  o r ig in a l ly  h e ld  ( L y n e n ,  19 4 1 ; J o h n s o n , 19 4 1 ; c ite d  b y  F ie c h t e r  e t  
a l., 1 9 8 1 ) th at th is  c o m p e t it io n  b y  th e  tw o  m o d e s  o f  m e ta b o lis m  is  f o r  th e  a v a ila b le  
in o r g a n ic  p h o s p h a te , w h ic h  b e c o m e s  l im it in g  d u r in g  o x id a t iv e  p h o s p h o r y la t io n  as A T P
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T h e  r o le  o f  p h o s p h o fr u c t o k in a s e  w a s  f ir s t  h y p o th e s iz e d  b y  E n g e lh a r d t  a n d  S a k o v  
(1 9 4 3 ; c ite d  b y  T e jw a n i,  1 9 7 8 ) b e c a u s e  o f  its  k n o w n  a c t iv a t io n  u n d e r  a n a e ro b ic  
c o n d it io n s  a n d  its  e f fe c t  o n  th e  a c t iv it ie s  o f  h e x o k in a s e  a n d  p y r u v a te  k in a s e , w h ils t  
fu r th e r  w o r k  im p lic a t e d  it  m o r e  f u l ly  as a  m e c h a n is m  o f  the P a s te u r  e f fe c t  ( S o ls ,  1968; 
c ite d  b y  F ie c h t e r  e t a l.,  1 9 8 1 ) th ro u g h  its  a llo s t e r ic  p ro p e rt ie s  ( S o ls ,  1 9 8 1 ; c ite d  b y  
G a n c e d o  &  S e r ra n o , 1 9 8 9 ). F o r  e x a m p le , th e  in h ib it io n  o r  a c t iv a t io n  o f  
p h o s p h o fr u c t o k in a s e  b y  A T P  a n d  A M P  r e s p e c t iv e ly  ( S o ls ,  G a n c e d o ,  &  D e la F u e n t e ,  
1 9 7 1 ; c ite d  b y  Y o u n g ,  1 9 8 7 ) a lte rs  th e  g lu c o s e  f lu x  th ro u g h  th e  p a th w a y  d u r in g  
r e s p ira t io n , as d o e s  th e  d e p le t io n  o f  in t r a c e llu la r  in o r g a n ic  p h o s p h a te  d u r in g  re s p ira to ry  
A T P  s y n th e s is  ( L y n e n ,  1 9 6 3 ; c ite d  b y  Y o u n g ,  1 9 8 7 ). T h e r e  a re  2 0  m e ta b o lite s  
c u r r e n t ly  k n o w n  to  re g u la te  th e  a c t iv it y  o f  p h o s p h o fr u c t o k in a s e . F o r  e x a m p le , the  
in h ib it o r s  A T P ,  c itra te  a n d  M g  ( V in u e la ,  S a la s , &  S o ls ,  1 9 6 3 ; c ite d  b y  G a n c e d o  &  
S e r ra n o , 1 9 8 9 ; S a la s  e t  a l.,  1 9 65; S o ls ,  1 9 7 6  r e s p e c t iv e ly ;  c ite d  b y  L a g u n a s  &  G a n c e d o ,
19 8 3 ) a n d  th e  p ro m o te rs  A M P ,  a m m o n iu m  a n d  p h o s p h a te  ( R a m a ia h , 1 9 7 4 ; S o ls  &  
S a la s ,  19 6 6 ; B a n u e lo s ,  G a n c e d o ,  &  G a n c e d o ,  19 7 7  r e s p e c t iv e ly ;  c ite d  b y  L a g u n a s  &  
G a n c e d o ,  1 9 8 3 ), m a n y  o f  w h ic h  a re  s y n e rg e t ic  in  n a tu re  ( T e jw a n i ,  1 9 7 8 ) b u t  w h ic h  
r e q u ire  th e  q u a n t if ic a t io n  o f  th e ir  re la t iv e  c o n t r ib u t io n s  ( R a c k e r ,  1 9 7 4 ). W o r k  in  th is  
a re a  h a s  b e e n  c a r r ie d  o u t ( L a g u n a s  &  G a n c e d o ,  1 983) w h ic h  h a s  q u e s t io n e d  the  
re g u la to r y  r o le  o f  s o m e  p ro p o s e d  e ffe c to rs  s u c h  as f ru c to s e  2 ,6 - b is p h o s p h a te , A M P  an d  
c itra te , w h ils t  in t r a c e llu la r  c o m p a r tm e n ta t io n  e f fe c ts  r e m a in  an  is s u e  ( L a g u n a s  &  
G a n c e d o ,  1 9 83; R a c k e r ,  1 9 7 4 ).
It is  n o w  g e n e r a l ly  a c c e p te d  th at th e  in te g ra te d  m u lt ip le - a llo s t e r ic  c o n t ro ls  o f  
p h o s p h o fr u c t o k in a s e  re p re s e n t a  k e y  m e c h a n is m  in  re g u la t in g  th e  g ly c o ly t ic  f lu x  
( F ie c h te r  e t a l.,  19 8 1 ) b y  w a y  o f  th e  fe e d b a c k  in h ib it io n  o n  h e x o k in a s e  b y  fr u c t o s e  6- 
p h o s p h a te . T h i s  is  a c c e p te d  to  b e  th e  s itu a t io n  f o r  m a n y  c e l l  ty p e s  in  a  v a r ie t y  o f  
p h y s io lo g ic a l  states ( F ie c h te r  e t a l., 1 9 8 1 ) d e s p ite  c o n c lu s io n s  to  th e  o p p o s ite  (R a c k e r ,  
1 9 76; c ite d  b y  F ie c h t e r  e t  a l.,  1 9 8 1 ). F o r  e x a m p le , th e  p re s e n c e  o f  a s e c o n d ,
is synthesized. However, this view  was regarded as insufficient although essentially
correct and other mechanisms were explored (Fiechter e t a l., 1981).
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c o n s t itu t iv e  f o r m  o f  p h o s p h o fr u c t o k in a s e  fo u n d  in  y e a sts  ( G a n c e d o  &  S e r ra n o , 1 989)  
w h ic h  is  n o t  s u s c e p t ib le  to  A T P  in h ib it io n  m a y  r e d u c e  the E M P 's  s u s c e p t ib il it y  to  th e  
in f lu e n c e  o f  o x y g e n  w h ils t  in  a n im a l c e l ls  th e  in h ib it io n  o f  h e x o k in a s e  b y  g lu c o s e  6 -  
p h o s p h a te  is  c o n s id e re d  a  c o m p le m e n ta r y  re g u la to r y  m e c h a n is m  ( C r a n e  &  S o ls ,  1954; 
c ite d  b y  L a g u n a s  &  G a n c e d o ,  1 9 8 3 ), a lth o u g h  y e a st h e x o k in a s e  is  n o t  s im i la r ly  
e ffe c te d . O t h e r  e v id e n c e  f o r  th e  in v o lv e m e n t  o f  p h o s p h o fr u c t o k in a s e  in  th e  re g u la t io n  
o f  g ly c o ly s is  is  r e v ie w e d  b y  G a n c e d o  a n d  S e r ra n o  (1 9 8 9 ).
T h e  d if fe r e n c e s  b e tw e e n  g ro w in g  c e l ls  a n d  re s t in g  c e l ls  a re  n o w  seen  as b e in g  a 
re s p o n s e  o f  th e  f o r m e r  to  a ll  th e  c o m p le x  c o n t r o l lo o p s  im p lie d  b y  an  a c t iv e  re s p ira to ry  
c h a in . A ls o ,  g r o w in g  c e l ls  a re  p ro n e  to  th e  re s p ira to ry  re p re s s io n  im p o s e d  b y  g lu c o s e  
w h e re b y  A T P  g e n e ra t io n  is  d r a m a t ic a l ly  c u t  a n d  s u b s e q u e n t re le a s e  f r o m  a llo s te r ic  
c o n tr o l is  s u b s ta n tia l, th u s  o v e r - s h a d o w in g  a n y  g ly c o ly t ic  r e g u la t io n . G a la c t o s e - g r o w n  
c e l ls ,  w h e re  r e s p ira to ry  re p re s s io n  is  m in im iz e d  b e c a u s e  o f  th e  in e f f ic ie n t  g a la c to s e  
tra n s p o rt  s y s te m , re v e a l a  P a s te u r  e f fe c t  o f  50%  o f  th e  le v e l se e n  in  re s t in g  c e l ls ,  an  
o b s e rv a t io n  th at in d ic a te s  o th e r , u n k n o w n  re g u la to r y  m e c h a n is m s  o p e ra t in g  in  the  
re s t in g  c e l ls  ( F ie c h t e r  e t  a l.,  1 9 8 1 ).
The Kluyver Effect
T h i s  e f fe c t  w a s  n a m e d  b y  S im s  &  B a rn e t t  (1 9 7 8 )  a fte r  a  re p o rt  b y  K lu y v e r  &  
C u s te rs  (1 9 4 0 )  th at c e r ta in  y e a st s p e c ie s  ca n  u t i l iz e  p a r t ic u la r  g ly c o s id e s  a e r o b ic a l ly  b u t  
n o t a n a e r o b ic a lly  d e s p ite  b e in g  a b le  to  fe r m e n t  th e  c o m p o n e n t  h e x o s e s  a n a e r o b ic a lly  
( S im s  &  B a rn e tt , 1 9 7 8 ). O b s e r v e d  in  m a n y  y e a st s p e c ie s  s u c h  as C a n d id a  an d  
K lu yvero m yces  b u t  n o t  se e n  in  S a cch a ro m yces  ( S im s  &  B a rn e t t , 1 9 7 8 ), it  w a s  su g g e ste d  
th a t th e  e f fe c t  w a s  th e  re s u lt  o f  the d ir e c t  o r  in d ir e c t  re q u ire m e n t  f o r  o x y g e n  o f  th e  
p a r t ic u la r  g ly c o s id ic  tra n s p o rt  m e c h a n is m  ( S im s  &  B a rn e t t , 1 9 7 8 ). S p e c ie s - s p e c if ic  
re s p o n s e s  a re  o b s e r v e d  ( S im s  &  B a rn e t t , 1 9 7 8 ), as fo r  e x a m p le  in  C .  u tilis  w h ic h  c a n n o t  
fe r m e n t  x y lo s e  a n a e r o b ic a l ly  d e s p ite  b e in g  a b le  to  d o  so  a e r o b ic a l ly  ( B r u in e n b e r g  e t a l.,
1 9 8 3 ). T h e  tra n s p o rt  s y s te m  w a s  n o t c o n s id e re d  to  b e  re s p o n s ib le  b u t  ra th e r  th e  e f fe c t
21
w a s  b e lie v e d  to  b e  as a r e s u lt  o f  a re d o x  im b a la n c e  o f  th e  c o fa c t o r ,  N A D H  
( B r u in e n b e r g  e t  a l.,  1 9 8 3 ).
1.2.3.3. The Influence o f Ethanol on Y east P hysiology
E t h a n o l ,  w h ils t  o b v io u s ly  b e in g  th e  m a in  re a s o n  f o r  c o n d u c t in g  a  fe r m e n ta t io n , is  
o fte n  c o n s id e r e d  o n ly  in  its  r o le  as a to x ic  c o m p o u n d  ra th e r  th a n  as a m e d iu m  n u tr ie n t.
M a n y  s tu d ie s  a ttrib u te  e th a n o l as a  p r im e  c a u s e  o f  th e  re d u c t io n  in  fe r m e n ta t iv e  
a c t iv it y  ( In g ra m  &  B u t tk e , 1 9 8 4 ; M o u l in  e t a l., 1984; M a io r e l la ,  B la n c h ,  &  W i lk e ,  
19 8 3 ; M i l l a r ,  G r i f f i t h s - S m it h ,  A lg a r ,  &  S c o p e s , 1 9 8 2 ), w ith  b o th  n u tr it io n a l l im it a t io n s  
f o r  u n sa tu ra te d  m e m b r a n e  l ip id s  ( C a s e y  &  In g le d e w , 1 9 8 6 ) a n d  m a g n e s iu m  ( D o m b e k  
&  I n g ra m , 1 9 8 6 b ) e x a c e rb a t in g  th e  d e c l in e  ( D o m b e k  &  I n g ra m , 1 9 8 6 b ; C a s e y ,  
M a g n u s ,  &  In g le d e w , 1 9 8 4 ). R e m o v a l  o f  a c c u m u la te d  e th a n o l d o e s  n o t  re s to re  
fe r m e n ta t iv e  a c t iv it y ,  w h ils t  e x o g e n o u s ly -a d d e d  e th a n o l d o e s  n o t  a f fe c t  th e  
fe r m e n ta t iv e  a b il it ie s  o f  the c e l ls  to  th e  s a m e  e x te n t as e n d o g e n o u s ly - p r o d u c e d  e th a n o l  
( D o m b e k  &  In g ra m , 19 8 6 a).
O t h e r  in v e s t ig a t io n s  in to  th e  c h a n g e s  o c c u r r in g  d u r in g  th e  tra n s it io n  f r o m  
e x p o n e n t ia l to  s ta t io n a ry  p h a se  c e n tre  o n  th e  a c t io n  o f  a l lo s t e r ic  e f fe c to rs  su ch  as A M P ,  
a  c o m p e t it iv e  in h ib it o r  o f  h e x o k in a s e  re la t iv e  to  A T P ,  a n d  s h o w  h o w  h e x o k in a s e  
a c t iv it y  a n d  th e  ra te  o f  e th a n o l p r o d u c t io n  d e c l in e  in  p a r a lle l  a s  a  fu n c t io n  o f  A T P / A M P  
c o n c e n tra t io n s  ( D o m b e k  &  In g ra m , 1 9 8 8 ). T h is  w o r k  w a s  e x te n d e d  to in c lu d e  o th e r  
k e y  g ly c o ly t ic  e n z y m e s  ( A lt e r t h u m , D o m b e k ,  &  In g ra m , 1 9 8 9 ).
T o le r a n c e  to  e th a n o l is  s tra in  d e p e n d e n t, w ith  g ro w th  b e in g  re ta rd e d  a b o v e  
10% w /v, w h ils t  e th a n o l p ro d u c t io n  is  a ffe c te d  a b o v e  2 0 % w /v  ( I s m a il &  A l i ,  1971; 
R a n g a n a th a n  &  B h a t ,  1958; T r o y e r ,  1 9 5 3 ; G r a y ,  19 4 1 ; c ite d  b y  J o n e s  e t a l.,  1 9 8 1 ). 
T o x i c i t y  is  m o s t  s t ro n g ly  o b s e rv e d  o n  th e  c e l l  m e m b ra n e  ( W h it e ,  1 9 7 8 ; c ite d  b y  J o n e s  
e t a l., 19 8 1 ) a lth o u g h  its  e ffe c ts  a re  se e n  in  o th e r  c e l l  p h y s io lo g ic a l  fu n c t io n s  ( Is m a il &  
A l i ,  1971; I s m a il &  H e g a z y ,  1970; c ite d  b y  J o n e s  e t a l., 1 9 8 1 ) s u c h  as e n z y m e  a c t iv ity ,  
c h ie f ly  a lc o h o l  d e h y d ro g e n a s e  ( B r o w n ,  19 7 6 ; c ite d  b y  J o n e s  e t  a l.,  19 8 1 ) a n d  
h e x o k in a s e  ( N a g o d a w ith a n a  e t a l.,  1 9 7 7 ; G r a y  &  S o v a ,  1 9 5 6 ; c ite d  b y  J o n e s  e t  a l.,
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1 9 8 1 ). T h e  le v e l  o f  t o x ic it y  e x p e r ie n c e d  b y  th e  c e l l  is  d e p e n d e n t  o n  o th e r  
e n v ir o n m e n ta l c o n s id e ra t io n s  (Jo n e s  e t  a l ., 1981) s u c h  a s  s u g a r  c o n c e n t ra t io n  an d  
te m p e ra tu re  ( W h it e ,  1978; N a g o d a w ith a n a  &  S te in k ra u s , 1 9 76; C h y e  &  M e n g ,  1975; 
K u n ik e e  &  A m e r in e ,  1 9 6 8 ; G r a y ,  1 9 41; c ite d  b y  J o n e s  e t  a l., 1 9 8 1 ).
1.2.3.4. The Influence o f  Other Environmental Factors on Y east 
P hysiology
p H  a ffe c ts  y e a st c e l l  g ro w th  a n d  m e ta b o lite  p r o d u c t io n  ( B u z a s , D a l lm a n n ,  &  
S z a ja n i,  1 9 8 9 ) w ith  a  fe rm e n ta t io n  o p t im u m  a ro u n d  p H  4  ( B u z a s  e t a l ., 1 9 8 9 ) p o s s ib ly  
d u e  to  th e  e f fe c t  o n  p la s m a  m e m b r a n e - b o u n d  p ro te in s  ( R o s e , 1 9 8 7 ). p H  a ls o  in f lu e n c e s  
th e  k in e t ic s  o f  c e l l  tra n s p o rt  m e c h a n is m s  (Jo n e s  &  G a d d ,  1 9 9 0 ).
W e a k  a c id s ,  s u c h  as a c e t ic  a n d  p r o p io n ic  a c id , c a n  in  th e  a b s e n c e  o f  o x y g e n  c a u se  
a s t im u la t io n  o f  fe rm e n ta t io n , as th e  c e l l  re q u ire m e n t  f o r  A T P  to p u m p  o u t  th e  e x c e s s  
p ro to n s  in c re a s e s . In th e  p re s e n c e  o f  o x y g e n , th e  c e l ls  o b ta in  the re q u ire d  A T P  b y  
e n h a n c in g  re s p ira t io n ;  h o w e v e r ,  a t a c r it ic a l  c o n c e n tra t io n  o f  a c id , fe r m e n ta t io n  b e g in s  
to  r e p la c e  re s p ira t io n  (v a n  D ij k e n  e t a l., 1 9 9 0 ), w h ils t  a n  e x c e s s  o f  th e  a c id  c a u s e s  
in t r a c e llu la r  a c id if ic a t io n  w h ic h  in  tu rn  in it ia te s  a  g e n e ra l p r o te o ly s is  ( L a m p e n ,  1 9 66; 
c ite d  b y  G a n c e d o  &  S e r ra n o , 1 9 8 9 ). R o s e  (1 9 8 7 )  h a s  p r o v id e d  fu rth e r  in fo r m a t io n  o n  
th e  g r o w t h - in h ib it in g  a c t io n  o f  o rg a n ic  a c id s . T h e  a m o u n t  o f  A T P  re q u ire d  to  
c o u n te ra c t  th e  a c id 's  e f fe c t  is  th e  sa m e  f o r  a e ro b ic  o r  a n a e ro b ic  c o n d it io n s  (v a n  D ij k e n  
e t a l . , 1 9 9 0 ).
T h e  r e la t iv e  c o n c e n tra t io n  o f  a c e t y l- C o A  a n d  C o A S H ,  k n o w n  as th e  " a c e ty l 
c h a rg e " ,  m a y  b e  im p o r ta n t  in  re g u la t in g  in te r m e d ia ry  m e t a b o lis m  ( Q u a in , 1 9 8 8 ).
B io lo g ic a l  c o m p a r tm e n ta t io n  as a  w a y  o f  e f fe c t in g  c h a n g e s  in  in te r m e d ia r y  
m e ta b o lis m  h a s  th e  p ro to n  g ra d ie n t  o f  M it c h e l l 's  c h e m i- o s m o t ic  th e o ry  as a  p r im e  
e x a m p le , w h ils t  th e  s e p a ra tio n  o f  th e  c o m p o n e n t  p a rts  o f  in te r m e d ia ry  m e ta b o lis m  
th ro u g h o u t  th e  m it o c h o n d r ia  is  th o u g h t  to b e  an  e x tra  le v e l  o f  c o n t ro l o p e n  to  th e  c e l l  
(Jo n e s  &  G a d d ,  1 9 9 0 ).
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N A D ( H )  is  in v o lv e d  in  c a t a b o lic  p ro c e s s e s , w h e re a s  N A D P ( H )  fu n c t io n s  m a in ly  
in  a n a b o lic  p ro c e s s e s  as p r o d u c e d  b y  th e  p e n to s e  p h o s p h a te  p a th w a y  a n d  it  is  p ro p o s e d  
th at th e  r e g u la t io n  o f  th e ir  re s p e c t iv e  re d o x  le v e ls  c o u ld  se rv e  an  im p o r ta n t  fu n c t io n  
w ith in  th e  p h y s io lo g y  o f  th e  c e l l  ( B r u in e n b e r g , 1 9 8 6 ).
T h e  re a c t io n  o f  y e a sts  to o th e r c h e m ic a ls  p re s e n t w ith in  th e  e n v ir o n m e n t ,  su ch  as 
n itro g e n , p h o s p h o r o u s  a n d  s u lp h u r ,  a re  c o v e re d  b y  R o s e  (1 9 8 7 ).
1.2.3.5. M etal Ions in Y east P hysiology
I n o rg a n ic  io n s  are  re q u ire d  in  m ic r o m o la r  a n d  m i l l im o la r  c o n c e n t ra t io n s  f o r  the  
g ro w th  a n d  m e ta b o lis m  o f  m ic r o - o r g a n is m s  ( H u g h e s  &  P o o le ,  1 9 8 9 ) a n d  a n y  im b a la n c e  
in  io n ic  a v a i la b i l it y  is  r e f le c t e d  in  c o m p le x  a n d  s u b tle  c h a n g e s  o f  th e  c e l l 's  m e ta b o lis m  
( C a s e y  &  In g le d e w , 1986; J o n e s  &  G r e e n f ie ld ,  1 9 8 4 ). G e n e r a l m ic r o b ia l  in o r g a n ic  
n u tr it io n  h a s  b e e n  r e v ie w e d  ( H u g h e s  &  P o o le ,  1 9 8 9 ; H u tn e r ,  1 9 7 2 ) as h a v e  y e a st  
in o r g a n ic  re q u ire m e n ts  (J o n e s  &  G a d d ,  1 9 9 0 ; C a s e y  &  I n g le d e w , 1 9 8 6 ; J o n e s  &  
G r e e n f ie ld ,  1 9 8 4 ). T h e  f o l lo w in g  is  a  b r ie f  s u rv e y  o f  g e n e ra l m ic r o b ia l  n u tr it io n , the  
te rm  'ye a st' re fe r r in g  to S a cch a ro m yces  s p e c ie s  e x c e p t  w h e re  stated  as o th e rw is e .
P o ta s s iu m  a n d  m a g n e s iu m  c a t io n s  ( K + a n d  M g ^ + re s p e c t iv e ly )  a re  c o n s id e re d  as 
b u lk  in t r a c e l lu la r  s p e c ie s  w h ils t  s o d iu m  ( N a +) a n d  c a lc iu m  (C a ^ + ) to g e th e r  w ith  z in c  
(Z n 2 + )  a n d  th e  3 d  t ra n s it io n  m e ta ls , s u c h  as c o p p e r  (C u ^ +), m a n g a n e s e  ( M n ^ +), c o b a lt  
( C o ^ + ) a n d  ir o n  (F e ^ +) a re  c o n s id e re d  as b e in g  p re s e n t o n ly  at tra c e  le v e ls .  T h e s e  
a rb it ra ry  d e s ig n a t io n s  a re  b a s e d  o n  a c o m b in a t io n  o f  th e  c o n c e n tra t io n  at w h ic h  
m ic r o b ia l  g ro w th  is  l im it e d  a n d  th e  to ta l le v e ls  fo u n d  w ith in  th e  c e l l .  T h e  a m o u n ts  
re q u ire d  f o r  g ro w th  a re  n o t  n e c e s s a r ily  id e n t ic a l to  th e  a m o u n ts  n e e d e d  f o r  m e ta b o lic  
p ro c e s s e s  s u c h  as s e c o n d a ry  m e ta b o lite  p r o d u c t io n  w h ils t  J o n e s  a n d  G r e e n f ie ld  (1 9 8 4 )  
state th at f o r  y e a st , the  tra ce  e le m e n ts  s h o w  o n ly  a  m in o r  e f fe c t  o n  c e l l  y ie ld  b u t a  m o re  
s ig n if ic a n t  e f fe c t  o n  c e l l  v ia b i l i t y  a n d  fe rm e n ta t io n  ra te  (P is , 1969; P is ,  1 9 6 2 ; c ite d  b y  
J o n e s  a n d  G r e e n f ie ld ,  1 9 8 4 ).
C a t io n ic  e f fe c ts  w ith in  th e  c e l l  c o v e r  a  ra n g e  o f  fu n c t io n s  th at in c lu d e :  s t a b il iz in g  
a n io n ic  c h a rg e s  w ith in  b io lo g ic a l  s tru ctu re s ; c r o s s - l in k in g  b io - p o ly m e r s  a n d  in f lu e n c in g
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th e ir  o r ie n ta t io n ; m a in t a in in g  th e  o s m o t ic  b a la n c e ; p r o v id in g  c h a rg e  a n d  c o n c e n tra t io n  
g ra d ie n ts ; c a t a ly s in g  e n z y m ic  re a c t io n s  a n d  p r o v id in g  a m e c h a n is m  f o r  re d o x  e x c h a n g e  
( H u g h e s  &  P o o le ,  1 9 8 9 , W i l l i a m s ,  1 9 7 6 ). T h e  b u lk  c a t io n s  te n d  to b e  in v o lv e d  in  
e s ta b lis h in g  th e  r e q u ire d  c a t io n ic  e n v ir o n m e n t  o f  th e  c e l l  a n d  its  e n z y m e  s y s te m s  an d  
m a in t a in in g  th e  o s m o t ic  b a la n c e  w ith  th e ir  u p ta k e  b e in g  s t r o n g ly  in f lu e n c e d  b y  the  
o rg a n is m 's  g ro w th  ra te  w h ils t  th e  tra ce  c a t io n s , u s u a lly  tra n s it io n  m e ta ls , te n d  to  h a v e  
m o r e  s p e c if ic  b io lo g ic a l  fu n c t io n s  in  m e ta b o lis m  and /o r w ith in  c e l lu la r  stru c tu re s  
( J o n e s  &  G r e e n f ie ld ,  1 9 8 4 ).
Functions of Metal Ions
T h e  b io lo g ic a l  a c t io n  a n d  fu n c t io n  o f  a n y  c a t io n  w i l l  r e f le c t  its  in t r in s ic  c h e m ic a l  
p ro p e rt ie s  ( H u g h e s  &  P o o le ,  1989; W i l l i a m s ,  1 9 7 0 ; S t e in b e rg , 19 3 8 ) in c lu d in g  io n ic  
c h a rg e  a n d  io n ic  r a d iu s  ( i.e . c h a rg e  d e n s ity ) ;  e le c t r o n ic  c o n f ig u r a t io n ,  e le c tro n  a f f in it y  
a n d  io n ic  s tru c tu re  ( i.e . r e d o x  p ro p e rt ie s ) ;  th e  ra te s  o f  lig a n d  e x c h a n g e  a n d  d e g re e  o f  
h y d r a t io n  ( i.e . b in d in g  a b i l i t y ) .  F o r  e x a m p le , th e  m id - t ra n s it io n  m e ta ls  s u c h  as c o p p e r ,  
ir o n , c o b a lt  a n d  m o ly b d e n u m  w i l l  a ct as s ta tic  re d o x  c a ta ly s ts ; the e n d - t ra n s it io n  m e ta l 
z in c  w i l l  fu n c t io n  as a  s ta tic  s u p e r-a c id  c a ta ly s t  a n d  th e  a lk a l i  a n d  a lk a l in e  m e ta ls  w i l l  
b e  in v o lv e d  in  s tru c tu ra l r o le s  a n d  th e  tra n s p o rt  o f  io n ic - c h a r g e  ( W i l l ia m s ,  197 6 ). 
T h e s e  fu n d a m e n ta l c h e m ic a l  p ro p e rt ie s  c a n  b e  u se d  to  u n d e rs ta n d  b io lo g ic a l  fu n c t io n  in  
a re a s  su ch  as io n - p r o t e in  b in d in g  ( W il l ia m s ,  1 9 7 0 ), lo s s  o f  p ro te in  a c t iv it y  d u r in g  
f r a c t io n a t io n  p ro c e s s e s  ( H u tn e r , 1 972) o r  e v e n  m e d ia  d e s ig n  w h e re  th e  im p r o p e r  
s p e c if ic a t io n  o f  sa lts  m a y  le a d  to ir r e p r o d u c ib i l i t y  d u e  to  p re c ip ita te  fo r m a t io n  (H u tn e r ,  
1 9 7 2 ).
T h e  n a tu re  o f  th e  lig a n d  w i l l  a ls o  in f lu e n c e  th e  b io lo g ic a l  f u n c t io n in g  o f  the  
c a t io n . F o r  e x a m p le , c a lc iu m  e x h ib its  a p re fe r e n c e  f o r  o x y g e n - c o n t a in in g  g ro u p s  w h ils t  
m a g n e s iu m  s h o w s  a v e r y  s l ig h t  p re fe re n c e  f o r  n it ro g e n -b e a r in g  s p e c ie s  th at e n su re s  
th e ir  a s s o c ia t io n  w ith  d if fe r e n t  m e m b ra n e  c o m p o n e n ts  ( L e w is ,  S o m m e r ,  &  P a te l, 
1 9 7 8 ). W i l l i a m s  (1 9 7 9 )  h a s  re v ie w e d  c a t io n ic  in te ra c t io n s  w ith  p ro te in s  a n d  
m e m b r a n e s , w h ils t  H u g h e s  a n d  P o o le  (1 9 8 9 )  h a v e  re v ie w e d  th e  c h e m ic a l  g ro u p s
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c a p a b le  o f  fu n c t io n in g  as c a t io n ic  l ig a n d s  w ith in  th e  th re e  m a jo r  c la s s e s  o f  m a c r o ­
m o le c u le s :  p ro te in s , n u c le ic  a c id s  a n d  p o ly s a c c h a r id e s .
R e v ie w s  o f  s p e c if ic  m ic r o b ia l  re q u ire m e n ts  a n d  u se s  o f  in d iv id u a l  m e ta ls  are  
a v a ila b le :  c a t io n s  (Jo n e s  &  G a d d ,  1 9 9 0 ; H u g h e s  &  P o o le ,  19 8 9 ; J o n e s  &  G r e e n f ie ld ,  
1 9 8 4 ; P ir t ,  1 9 7 5 ; H u tn e r ,  1 9 7 2 ); m a n g a n e s e  ( S i lv e r  &  J a s p e r , 1 9 7 7 ; c ite d  b y  H u g h e s  &  
P o o le ,  1 9 8 9 ); z in c  ( S ig e l ,  1983; F a i l la ,  19 7 7 ; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ); an d  
v a n a d iu m  ( R a m a s a rm a  &  C r a n e ,  1 9 8 1 ; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ).
J o n e s  a n d  G r e e n f ie ld  (1 9 8 4 )  n o te  th at th e  e f fe c ts  o f  c a t io n s  o n  th e  y e a s t  c e l l  a re  
p r o b a b ly  p o o r ly  c h a ra c te r iz e d  b e c a u s e  o f  th e ir  m u lt ip le  r o le s  w ith in  th e  c e l l ,  i.e . 
s tru c tu ra l a n d  e n z y m ic  fu n c t io n s  b o th  w ith in  th e  c y t o s o l a n d  th e  p la s m a  m e m b ra n e .  
J o n e s  a n d  G a d d  (1 9 9 0 )  re ite ra te  th is  v ie w  a n d  in c lu d e  a  r e v ie w  o f  in t r a c e llu la r  
c o m p a r tm e n ta t io n  a n d  th e  p o s s ib le  p h y s io lo g ic a l  m e c h a n is m s  in v o lv e d  in  in te rn a l io n  
tra n s p o rt  as w e l l  as th e  fe a s ib i l i t y  o f  th e se  m e c h a n is m s  p r o v id in g  an  e x tra  le v e l o f  
m e ta b o lic  c o n t r o l to  th e  c e l l  (Jo n e s  &  G a d d ,  1 9 9 0 ).
C a t io n s  a re  s t ru c tu ra lly  im p o r ta n t  f o r  s h ie ld in g  o r  n e u tr a lis in g  th e  a n io n ic  c h a rg e s  
o f  p ro te in s  a n d  n u c le ic  a c id s , e .g . p o ta s s iu m  a n d  m a g n e s iu m  ( T e m p e s t ,  19 6 9 ; c ite d  b y  
J o n e s  &  G r e e n f ie ld ,  1 9 8 4 ), w h ils t  m e m b r a n e  p h o s p h o lip id s  ( L e w is  e t a l . , 1978; 
R o m k e s  &  L e w is ,  1 9 71; In d g e , 1 9 6 8 ) u s e  c a lc iu m  a n d  m a g n e s iu m  as th e  p r im a r y  
e ffe c to rs  ( A r m s t r o n g ,  1972; M e r y m a n ,  1 9 7 2 ; c ite d  b y  J o n e s  &  G r e e n f ie ld ,  1984)  
a lth o u g h  z in c  is  b e lie v e d  to  b e  c r i t ic a l ly  in v o lv e d  (B e ttg e r  &  O 'D e l l ,  1 9 8 1 ; c ite d  b y  
J o n e s  &  G r e e n f ie ld ,  1 9 8 4 ).
T h e  a b s o lu te  c o n c e n tra t io n s  o f  p o t a s s iu m  a n d  m a g n e s iu m  as w e l l  as th e ir  r e la t iv e  
ra t io  h a v e  e s s e n t ia l fu n c t io n s  in  th e  s t a b il iz a t io n  o f  n u c le ic  a c id s  a n d  r ib o s o m e s  a n d  in  
th e  a c t iv a t io n  o f  k e y  e n z y m e s  in v o lv e d  in  th e  s y n th e s is  o f  th e  n u c le ic  a c id s  a lth o u g h  
p o ta s s iu m 's  m a in  r o le  is  in  th e  c o n t r o l o f  th e  o s m o t ic  b a la n c e  o f  th e  c e l l  as a c h a rg e -  
c o m p e n s a to r  f o r  s m a ll  a n io n s . T h is  in te r a c t io n  w ith  s m a ll a n io n s  s u c h  as th e  p h o s p h a te  
g ro u p s  lo c a te d  o n  th e  s u r fa c e  o f  n u c le ic  a c id s  is  re v ie w e d  b y  E ic h h o r n  a n d  M a r z i l l i  
(1 9 8 1 ; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ).
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S o d iu m  g ra d ie n ts  e s ta b lis h e d  a c ro s s  m ic r o b ia l  c e l l  m e m b r a n e s  b y  e n e rg y -  
d e p e n d e n t  s o d iu m  p u m p s  o r  N a +/ H + a n t ip o rts  a re  u s e d  to tra n s p o rt  n u tr ie n ts  in to  the  
c e l l  b u t  n o  p o s it iv e  m e t a b o lic  r o le  f o r  s o d iu m  d u r in g  y e a st g ro w th  o r  fe r m e n ta t io n  has  
b e e n  re p o rte d  (Jo n e s  &  G r e e n f ie ld ,  1 9 8 4 ) w ith  ye a sts  u s in g  p ro to n  g ra d ie n ts  to 
tra n s p o rt  m o n o v a le n t  c a t io n s , c a t io n ic  a m in o  a c id s ,  c a lc iu m  a n d  m a g n e s iu m  a c ro s s  the  
p la s m a  m e m b r a n e  (P e n a , G u t ie r r e z ,  A m o ,  &  S c h n a b e l,  198 7 ).
P o ta s s iu m , c a lc iu m  a n d  z in c  io n s  h a v e  b e e n  s h o w n  to h a v e  s tru c tu ra l s ig n if ic a n c e  
w ith in  s p e c if ic  e n z y m e s  w h e re  th e y  p re v e n t  th e  u n f o ld in g  a n d  d e n a tu ra t io n  o f  the  
p ro te in  ( M a t th e w s  &  W e a v e r ,  1974; M a tth e w s , W e a v e r ,  &  K e s te r ,  1 9 7 4 ; c ite d  b y  
H u g h e s  &  P o o le ,  19 8 9 ) o r  in d u c e  c o n fo r m a t io n a l c h a n g e s  n e c e s s a ry  f o r  the  
c o n f ig u r a t io n  o f  th e  a c t iv e  s ite  ( B o s t ia n , B e tts , M a n ,  &  H u g h e s , 1 9 8 2 ; c ite d  b y  H u g h e s  
&  P o o le ,  1 9 8 9 ) b y  th e  p e rm a n e n t  c r o s s - l in k in g  o f  c h e m ic a l  g ro u p s  in  a  m a n n e r  
a n a lo g o u s  to  d is u lp h id e  b r id g e s  ( H u g h e s  &  P o o le ,  1 9 8 9 ). F o r m a t io n  o f  te m p o ra ry  
c r o s s - l in k s  b e tw e e n  e n z y m e  a n d  su b stra te  c a n  b e  u se d  b y  th e  c e l l  to  o b ta in  a c c u ra te  
re la t iv e  o r ie n ta t io n s  w h ils t  the la b i l i t y  o f  th e  c r o s s - l in k in g  o f  c a r b o x y la t e  g ro u p s  
p re s e n t o n  th e  c e l l  w a ll  c a n  b e  u s e d  to  c o n t r o l c e l l  p e r m e a b il it y .
In y e a sts , th e  m a jo r ity  o f  th e  c a lc iu m  p re s e n t w ith in  th e  c e l l  is  lo c a te d  in  th e  c e l l  
w a ll a n d  p la s m a  m e m b r a n e  w h e re  it  is  in v o lv e d  in  re g u la t in g  lip id / p ro te in  in te ra c t io n s  
a n d  m a in t a in in g  s tru c tu ra l in te g r ity  (Jo n e s  &  G r e e n f ie ld ,  1 9 8 4 ). M e m b r a n e s  h a v e  b e e n  
s h o w n  to  b e  p ro te c te d  f r o m  th e  d is r u p t in g  e f fe c ts  o f  p o ly e n e s  a n d  b u ta n o l b y  c a lc iu m  
io n s  ( C a r a f f o l i ,  B a lc a v a g e ,  L e h n in g e r ,  &  M a t o o ,  1 9 7 0 ). T h e  s tru c tu ra l r o le  o f  z in c  
w ith in  y e a s t  c e l ls  a p p e a rs  to  b e  c o m p le m e n ta r y  to  c a lc iu m  in  in f lu e n c in g  m e m b r a n e  
p e r fo r m a n c e  w h ils t  th e  s tru c tu ra l in f lu e n c e  o f  p o ta s s iu m  w ith in  th e  y e a s t  c e l l  is  
s p e c u la te d  as b e in g  l im it e d  to  g e n e ra l c h a r g e - s h ie ld in g  (Jo n e s  &  G r e e n f ie ld ,  1 9 8 4 ).
C a lc iu m  io n s  are  a ls o  s p e c i f ic a l ly  re q u ire d  d u r in g  th e  f lo c c u la t io n  o f  y e a s t  c e l ls  
( S tra t fo rd , 1 9 8 9 ; T a y lo r  &  O r t o n ,  1973  a n d  1 975) a lth o u g h  th e  a c tu a l m e c h a n is m  is  
s t i l l  a s u b je c t  o f  e n q u ir y  (S tra tfo rd  &  B r u n d is h ,  1 9 9 0 ).
C o p p e r ,  c o b a lt ,  ir o n  a n d  m a n g a n e s e  d o  n o t  h a v e  a k n o w n  s tru c tu ra l r o le  in  ye a sts .
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T h e  d is c r im in a t io n  o f  fu n c t io n  w i l l  b e  d u e  to  th e  a fo re m e n t io n e d  c h e m ic a l  
p ro p e r t ie s  o f  e a c h  io n . F o r  e x a m p le , z in c  is  k n o w n  to  b e  a  c o - fa c t o r  in  o v e r  tw o  
h u n d re d  e n z y m e  sy s te m s  ( H u g h e s  &  P o o le ,  19 8 9 ; D e n s k y ,  G r a y ,  &  B u d a y ,  1 966)  
p o s s ib ly  b e c a u s e  o f  its  in t r in s ic  a b i l i t y  to a d o p t  d is to rte d  c o - o r d in a t io n  g e o m e tr ie s  
w h ic h  is  e s s e n t ia l f o r  a c c o m m o d a t in g  a  s u c c e s s io n  o f  re a c t io n  in te rm e d ia te s . H o w e v e r ,  
it  is  n o t  r e d o x  re a c t iv e  ( H u g h e s  &  P o o le ,  1 989) u n lik e  ir o n  a n d  c o p p e r  that a re  in v o lv e d  
in  th e  c a t a ly s is  o f  e le c tro n - tra n s fe r  a n d  the o x id a t io n / re d u c t io n  o f  su b stra te s . T h e s e  
re d o x  r e a c t io n s  ta k e  p la c e  b e c a u s e  o f  th e  a b i l i t y  o f  th e  tra n s it io n  m e ta ls  to  u n d e rg o  
r a p id  lig a n d -s u b s t itu t io n  a n d  a d o p t  a lte rn a t iv e  g e o m e tr ie s  a n d  c o - o r d in a t io n  n u m b e rs  
w h ils t  o th e r  in f lu e n c in g  fa c to rs  in c lu d e  th e  ra n g e  o f  o x id a t io n  states a v a i la b le  a n d  the  
f le x ib i l i t y  o f  th e  re d o x  p o te n t ia l o f  th e  m e ta l- lig a n d  c o m p le x  a c c o r d in g  to  th e  c o ­
o rd in a t io n  e n v ir o n m e n t  ( H u g h e s  &  P o o le ,  1 9 8 9 ). T h e  la tte r fa c to r , th e  a b i l i t y  to  tu n e  
th e  r e d o x  p o te n t ia l to a  s p e c if ic  v a lu e  is  e ffe c te d  b y  a v a r ie t y  o f  m e c h a n is m s :  the  
c h e m ic a l  p ro p e rt ie s  o f  th e  lig a n d s ;  e le c tro s ta t ic  in te ra c t io n s  o n  th e  re d o x  c e n tre  b y  
s u r r o u n d in g  p o la r  g ro u p s ; a n d  th e  p re s e n c e  o f  s o lv e n t(s )  a ro u n d  th e  r e d o x  ce n tre . 
M o o r e ,  P e t t ig re w , &  R o g e r s  (1 9 8 6 )  p r o v id e  a g e n e ra l r e v ie w  o f  th is  su b je ct; as c ie d  b y  
H u g h e s  &  P o o le  (1 9 9 0 ).
N u m e r o u s  m ic r o b ia l  e n z y m e s  a re  a c t iv a te d  b y  p o ta s s iu m  ( S u e lte r , 1 9 7 0 ; c ite d  b y  
H u g h e s  &  P o o le ,  1 9 8 9 ) in c lu d in g  m a n y  in v o lv e d  in  p ro te in  s y n th e s is  a n d  th e  c a t a b o lic  
p ro c e s s e s , e s p e c ia l ly  d u r in g  y e a s t  fe rm e n ta t io n  th at a p p e a rs  to  r e q u ire  tw ic e  the  
q u a n t ity  re q u ire d  b y  r e s p ir in g  c e l ls .  A lt h o u g h  lit t le  is  k n o w n  a b o u t  th e  m e c h a n is m s ' 
p o ta s s iu m  u se s  to e x e rt  its  c a t a ly t ic  e f fe c t  it  is  th o u g h t  th at it  m a y  b in d  to  e n z y m e s  in  
s u c h  a w a y  as to  s ta b il iz e  th e  c o n fo r m a t io n  (e .g . y e a st a ld e h y d e  d e h y d ro g e n a s e  
( W a m p le r  &  W e s th e a d , 1 9 6 8 ; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 )) o r  g e n e ra te  th e  a c t iv e  
s ite  ( L e w is  e t  a l., 1978; v a n  E n g e l ,  1 9 6 9 ; W y a t t ,  1 9 6 4 ; c ite d  b y  J o n e s  &  G r e e n f ie ld ,
Cations have a variety of functions within enzyme systems; as a catalytic centre;
as an activator; as a stabilizer; as a redox catalyst or as an antagonistic 'mediator'
between other activators and deactivators (Jones & Greenfield, 1984).
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1984) o r , as h a s  b e e n  su g g e s te d  f o r  p y ru v a te  d e h y d ro g e n a s e , it  m a y  a c t as a  b r id g e  
b e tw e e n  e n z y m e  a n d  su b stra te  to  c o n t ro l the r e la t iv e  o r ie n ta t io n s .
C a lc iu m  is  k n o w n  to  in h ib it  m ic r o b ia l  A T P a s e  ( C a r a f f o l i  e t  a l.,  1 9 7 0 ). W h i ls t  the  
re q u ire m e n t  o f  S. carlsb erg en is  d u r in g  g ro w th  in  m in im a l m e d ia  is  b e lie v e d  to  b e  fo r  
s tru c tu ra l p u rp o s e s  o n ly  ( L o t a n ,  B e r d ic e v s k y ,  M e r z b a c h ,  &  G r o s s o w ic z ,  1 9 7 6 ), the  
s ig n if ic a n t ly  lo w e r  g ro w th  re q u ire m e n t  o f  S. c e rev is ia e  f o r  th is  io n  is  n o t  e ss e n tia l. 
C a lc iu m  is  a ls o  re p o rte d  to  in c re a s e  th e  fe rm e n ta t io n  e f f ic ie n c y  o f  S. ba ya n u s  p o s s ib ly  
b y  f o r t i f y in g  th e  c e l l  m e m b ra n e  a n d  r e d u c in g  its  s u s c e p t ib il ity  to  th e  t o x ic it y  o f  e th a n o l 
( N a b a is ,  S a - C o r r e la ,  V ie g a s ,  &  N o v a is ,  1 988).
A s  sta ted , z in c  is  n e c e s s a ry  f o r  th e  a c t iv a t io n  o f  m a n y  y e a st e n z y m e s , ( in c lu d in g  
G A 3 ( P )  d e h y d ro g e n a s e , A D H ,  a ld o la s e , e tc .) ,  m o s t  o f  w h ic h  a re  in v o lv e d  in  
m e ta b o lis m , e .g . r ib o f la v in  s y n th e s is  a n d  th e  a c t iv a t io n  o f  p h o s p h a ta s e s . T h e  z in c  
re q u ire m e n t  is  a b s o lu te , w ith  a n y  m e d ia  d e f ic ie n c y  in c a p a c ita t in g  c e l l  g ro w th  an d  
fe rm e n ta t io n  re s u lt in g  in  th e  's t ic k in g ' o f  b re w e ry  fe rm e n ta t io n s .
C o p p e r  is  re q u ire d  f o r  th e  a c t iv a t io n  o f  y e a s t  e n z y m e s  in c lu d in g  th e  p h o sp h a ta s e s ;  
a g ro u p  o f  e n z y m e s  a ls o  a c t iv a te d  b y  c o b a lt  a n d  z in c .  T h e  in v o lv e m e n t  o f  c o b a lt  is  n o t  
w e ll u n d e rs to o d  b u t  m a y  b e  in v o lv e d  in  c y t o s o l ic  m e ta b o lis m  a n d  m e m b r a n e  p ro c e s s e s  
w h ils t  th e  r o le  o f  m a n g a n e s e  a p p e a rs  to  b e  m e t a b o lic ,  b e in g  re q u ire d  b y  s u c h  e n z y m e s  
as y e a s t  a d e n y la te  c y c la s e .
Iro n  is  re q u ire d  in  m ic r o b ia l  re d o x  re a c t io n s  c a ta ly s e d  b y  th e  h a e m e -p ro te in s  (e .g . 
c y t o c h ro m e s )  a n d  n o n -h a e m e  s u lp h u r  p ro te in s . S acch a ro m yces  s p e c ie s  re q u ire  a 
m in im u m  o f  0 .3 | uM  f o r  th e  a c t iv ity  o f  th e  F e ^ +-d e p e n d e n t  a c id  p h o s p h a ta s e  ( A r n o ld ,  
E v a n s ,  &  D e n n is t o n ,  1 9 8 3 ; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ).
T r a n s p o r t  o f  d iv a le n t  c a t io n s  a n d  p h o s p h a te  in v o lv e s  p o ta s s iu m  as a c o u n te r - io n  
a n d  th e re fo re  th e  in t r a c e llu la r  c o n c e n tra t io n  o f  th is  io n  m a y  b e  in v o lv e d  in  tra n sp o rt  
re g u la t io n . In cre a s e d  in t r a c e llu la r  le v e ls  o f  p o t a s s iu m  c a u s e s  an  in c re a s e  in  th e  y e a st  
g ly c o ly t ic  f lu x  a n d  p o s s ib ly  c o n tro ls  th e  b a la n c e  b e tw e e n  fe rm e n ta t io n  a n d  re s p ira t io n  
b y  e le v a t in g  th e  le v e ls  o f  A T P ,  A D P ,  p h o s p h a te  a n d  N A D P H  ( W u m p le m a n n  &
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K ja e r g a a r d ,  1 9 79; N o r d h e im ,  1 9 6 8 ; U y e d a  &  R a c k e r ,  19 6 5 ; B a h a d u r  &  V e r m a ,  1 9 60; 
c ite d  b y  J o n e s  &  G r e e n f ie ld ,  1 9 8 4 ).
A b s o lu t e  re q u ire m e n ts  f o r  c a lc iu m  a re  r a r e ly  d e m o n s tra te d  ( H u g h e s  &  P o o le ,  
1 9 8 9 ). It is  b e lie v e d  to  b e  an  im p o r ta n t  re g u la to r  o f  g ro w th  in  m a n y  m ic r o - o r g a n is m s  
( L lo y d ,  P o o le ,  &  E d w a r d s ,  1 9 8 2 ; S is k e n , 1980; c ite d  b y  H u g h e s  &  P o o le ,  1989)  
a lth o u g h  th e  m o d e  o f  a c t io n  w ith in  th e  y e a s t  c e l l  c y c le  is  s t i l l  b e in g  in v e s t ig a te d  ( O h y a ,  
O h s u m i,  &  A n r a k u ,  1 9 8 4 ). A  w e l l- k n o w n  re g u la to r y  e f fe c t  is  th e  't r ig g e r in g ' o f  a  ra n g e  
o f  b io c h e m ic a l  p ro c e s s e s  b y  an  in f lu x  o f  c a lc iu m  io n s  e ith e r  f r o m  th e  e x te rn a l 
e n v ir o n m e n t  o r  f r o m  in t r a c e llu la r  sto re s  to  an  o th e rw is e  c a lc iu m - f r e e  c y t o p la s m  
( H a r o ld ,  1 9 86; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ). T h e  in f lu x  o f  c a lc iu m  d o e s  n o t  e x e rt  
an e f fe c t  d ir e c t ly  b u t o p e ra te s  th ro u g h  a c a lc iu m - b in d in g  p ro te in  (su c h  as c a lm o d u lin  
( E i la m ,  1 9 8 4 ; H u b b a r d ,  B r a d le y ,  S u l l iv a n ,  S h e p h e rd , &  F o r re s te r , 1 9 82; c ite d  b y  J o n e s  
&  G a d d ,  1 9 9 0 )) w h ic h  th e n  a c t iv a te s  s p e c if ic  e n z y m e s  i t s e lf  th u s  p e rm it t in g  g re a te r  
s p e c i f ic it y  to  b e  a c h ie v e d . A  n u m b e r  o f  c a lc iu m - d e p e n d e n t  r e g u la to ry  p ro te in s  h a v e  
b e e n  is o la te d  f r o m  y e a sts  s im i la r  to  c a lm o d u lin  ( N a k a m u ra , F u j it a ,  E g u c h i ,  &  Y a z a w a ,  
1 9 8 4 ; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ). T h e  e x c lu s io n  o f  c a lc iu m  f r o m  th e  c y t o p la s m  is  
n o t  o n ly  n e c e s s a ry  to  p re v e n t  in t r a c e llu la r  p re c ip ita t io n  b u t a ls o  to  p re v e n t  a n ta g o n is t ic  
c o m p e t it io n  w ith  m a g n e s iu m  (S e e  b e lo w ) .
Z i n c  p la y s  an  im p o r ta n t  b u t as y e t  u n d e f in e d  r o le  in  y e a s t  m o r p h o g e n e s is  d u r in g  
m e io s is  ( B i l in s k i ,  M i l l e r ,  &  G i r v i t z ,  1 9 83; c ite d  b y  H u g h e s  &  P o o le ,  1 989) b u t n o  tru e  
re g u la to ry  r o le  h a s  b e e n  d e s c r ib e d . H o w e v e r ,  as a lre a d y  n o te d , c a lc iu m 's  e f fe c t  o n  th e  
g ro w th  o f  S. p a s to r ia n u s  is  d e p e n d e n t  o n  th e  p re s e n c e  o f  z in c  ( L o m a n d e r ,  1 9 65; c ite d  
b y  D e n s k y  e t a l . , 19 6 6 ) a n d  it  is  th e re fo re  p o s s ib le  th a t z in c  e x e rts  a r e g u la to ry  
in f lu e n c e  o n  th e  in c o r p o r a t io n  o f  c a lc iu m  in to  m e m b ra n e  s tru c tu re s . F u r th e r  w o r k  o n  
th e  r o le  o f  z in c  in  th e  c o n t r o l o f  th e  m o r p h o lo g y  o f  C a n d id a  s p e c ie s  has b e e n  c a r r ie d  
o u t  ( S o i l ,  1 9 8 5 ).
C o p p e r ,  m a n g a n e s e , c o b a lt  a n d  ir o n  a p p e a r  to  h a v e  n o  k n o w n  r e g u la to ry  
in f lu e n c e  w ith in  y e a sts  b u t  it  is  fe a s ib le  th at io n - io n  in te r - re la t io n s h ip s  e x is t  w h ic h  m a y  
se rv e  to  s t im u la te  o r  in h ib it  the  a c t io n s  o f  o th e r  io n s . F o r  e x a m p le , c o p p e r  a n d
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c a d m iu m  are  m o r e  t o x ic  to  th e  y e a st to g e th e r  th a n  in d e p e n d e n t ly  w h ils t  m a n g a n e s e  c a n  
in h ib it  th e ir  t o x ic it y  ( S a h in k a y a , 1960; c ite d  b y  F r e y ,  D e W it t ,  &  B e l lo m y ,  19 6 7 ) o r  b y  
a n a lo g y , th e  u p ta k e  o f  p o ta s s iu m  c a n  b e  in h ib ite d  b y  th e  p re s e n c e  o f  o th e r  a lk a l i  
c a t io n s .
S t u d ie s  o n  th e  t o x ic it y  o f  m e ta ls  o n  y e a s t  g ro w th  a n d  fe r m e n ta t iv e  a b i l i t y  
o r ig in a l ly  fo c u s e d  o n  th e  e f fe c ts  o f  c o p p e r  ( W h it e  &  M u n n s ,  19 5 1 ) b e c a u s e  o f  its  
e x te n s iv e  u se  in  b re w in g  e q u ip m e n t  ( F r e y  e t  a l., 1 9 6 7 ). H o w e v e r ,  s tu d ie s  w e re  
e x p a n d e d  to  o th e r  m e ta ls  ( W h ite  &  M u n n s ,  19 5 1 ) to  c a te g o r is e  p o is o n in g  c a p a c it ie s  an d  
e s ta b lis h  h ie ra rc h ie s  o f  re q u ire m e n ts  ( M e ie r  &  S c h u le r ,  1 9 6 1 ). A lt h o u g h  th e  s tu d ie s  
w e re  c o n d u c te d  in  d e f in e d  s y n th e t ic  m e d ia  it  w a s  a rg u e d  th at th e  le v e ls  to le ra te d  b y  th e  
c e l ls  w o u ld  d e p e n d  o n  th e  c o m p le x it y  o f  the m e d iu m  a n d  th e  p re s e n c e  o f  c h e la to rs  an d  
se q u e stra n ts  ( W h it e  &  M u n n s ,  1 9 5 1 ). O b s e r v a t io n s  o f  to x ic  e f fe c ts  in  n a tu ra l m e d ia  
w e re  c a r r ie d  o u t  ( F r e y  e t  a l., 1 9 6 7 ) a n d  it  w a s  re c o g n is e d  th at d e f in it io n s  c o n c e r n in g  
le v e ls  o f  in h ib it io n  s h o u ld  b e  b a se d  o n  th e  c o n c e n tra t io n  o f  'fre e ' s p e c ie s  w ith in  th e  
m e d iu m . H o w e v e r ,  c h e la to rs  c a n  b e  u s e d  to  c o n t r o l th e  fre e  c o n c e n tra t io n  w ith in  
d e f in e d  m e d ia  a n d  th u s  p re v e n t  u n d e s ir a b le  p re c ip ita t io n  o f  th e  m e ta l ( G a u n t ,  T r i n c i ,  &  
L y n c h ,  1 9 84; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ) as w e l l  as r e d u c in g  a n y  t o x ic  e f fe c t  
e x p e r ie n c e d  b y  th e  c e l l  ( D o m e k ,  L e c h e v a l l ie r ,  C a m e r o n ,  &  M c F e te rs , 1 9 8 4 ; H u tn e r ,  
1 9 72; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ).
C a d m iu m ,  m e r c u r y ,  t h a l l iu m , t in , le a d , a rs e n ic  a n d  s i lv e r  a re  th e  m o s t  c o m m o n  
e x a m p le s  o f  to x ic  c a t io n s  a lth o u g h  m a n y  o f  th e  e s s e n t ia l tra n s it io n  m e ta ls  b e c o m e  to x ic  
at e le v a te d  c o n c e n tra t io n s , e .g . z in c ,  m a n g a n e s e , c o b a lt  a n d  iro n . T o x i c i t y  is  e f fe c te d  
b y  a  v a r ie t y  o f  m e c h a n is m s ;  th e  m o s t  c o m m o n  b e in g  e ith e r  th e  d ir e c t  ir r e v e r s ib le  
s u b s t itu t io n  o f  e s s e n t ia l m e ta ls  f r o m  th e ir  b in d in g  s ite s  o r  th e  in d is c r im in a t e  b in d in g  to  
b io - p o ly m e r s  w h ic h  c a u s e s  h a p h a z a rd  c o n fo r m a t io n a l c h a n g e s . T h i s  re f le c t s  th e  v ie w  
o f  W i l l i a m s  (1 9 7 9 )  th at it  is  th e  fu n d a m e n ta l c h e m is t r y  o f  e a c h  io n  th at d ic ta te s  its  r o le  
(an d  th e re fo re  to x ic  c a p a b il it ie s )  w ith in  th e  c e l l .  J o n e s  a n d  G r e e n f ie ld  (1 9 8 4 )  r e v ie w  
to x ic  m e ta ls  a n d  th e ir  e ffe c ts .
31
M e d iu m  c o p p e r  le v e ls  m o r e  th a n  4 M  c a n  c a u s e  ir r e v e r s ib le  m e m b r a n e  d a m a g e  
re s u lt in g  in  th e  le a k a g e  o f  p o ta s s iu m  th at le a d s  to  a g e n e ra l lo s s  o f  v ia b i l i t y  w h ils t  
in t r a c e llu la r  le v e ls  in  e x c e s s  o f  c e l l  re q u ire m e n ts  d a m a g e s  c y t o p la s m ic  e n z y m e s  b u t  
a p p e a rs  n o t  to  a f fe c t  s u g a r  tra n s p o rt  m e c h a n is m s . Z in c  c a n  a m e lio ra te  th e  d e tr im e n ta l 
e f fe c t  o f  c o p p e r  o n  th e  c e l ls  ( S o u m a la in e n  &  O u r a ,  1971; c ite d  b y  L ie v e n s e  &  L i m ,  
1 9 8 2 ).
A lu m in iu m  ( A l^ +) is  r e c o g n is e d  as b e in g  to x ic  to  m ic r o b ia l  c e l ls  as it  ca n  
su b st itu te  f o r  m a g n e s iu m  in  M g 2 + - d e p e n d e n t  e n z y m e  sy s te m s . L e s s - th a n  n a n o m o la r  
q u a n t it ie s  o f  fre e  a lu m in iu m  e f f e c t iv e ly  c o m p e te  w ith  m i l l im o la r  c o n c e n tra t io n s  o f  
m a g n e s iu m  d u e  to the a lu m in iu m 's  g re a te r a f f in it y  f o r  th e  lig a n d s  p re s e n t in  su ch  
s y s te m s  ( M a r t in ,  1986; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ). E n z y m e  a c t iv it y  is  n o t  
m a in ta in e d  d u r in g  a lu m in iu m  s u b s t itu t io n  as th e  s tro n g e r  a f f in it y  b e tw e e n  th e  e n z y m e 's  
l ig a n d s  im p lie s  a  re d u c e d  ra te  o f  l ig a n d  e x c h a n g e  th at d is a b le s  th e  fo r m a t io n  o f  re a c t io n  
in te rm e d ia te s .
S. cerev is ia e  c a n  re s p o n d  to  in d iv id u a l  to x ic  io n s  th ro u g h  th e  p r o d u c t io n  o f  
s p e c i f ic  m e ta llo th io n e n e s  th at c a n  re g u la te  c o n c e n tra t io n  o f  th e  o f fe n d in g  io n  ( C h r is t ie  
&  C o s t a ,  1984; c ite d  b y  J o n e s  &  G a d d ,  1 9 9 0 ).
C a lc iu m  io n s  p o te n t ia te  th e  m e m b ra n e  d a m a g e  c a u s e d  b y  m e th y l p h e n id a te  
( S p o e r l,  1 9 7 1 ). H ig h  c o n c e n tra t io n s  o f  c a t io n s  c a n  in h ib it  c e l l  f lo c c u la t io n  in  a 
r e v e r s ib le ,  t im e -d e p e n d e n t  m a n n e r  (S tra tfo rd  &  B r u n d is h ,  1 9 9 0 ).
Physiological Levels of Metal Ions
A l l  e q u il ib r ia  a n d  ra te s  o f  re a c t io n  w i l l  d e p e n d  o n  th e  c o n c e n tra t io n  o f  th e  fre e  
io n  a lth o u g h  c o n c e n tra t io n s  m e a s u re d  a n a ly t ic a l ly  u s u a lly  re p re s e n t th e  to ta l 
c o n c e n t ra t io n  o f  th e  io n  in  q u e s t io n . S e v e ra l m e th o d o lo g ie s  h a v e  b e e n  p ro p o s e d  to  
q u a n t ita te  th e  m e ta l io n  s p e c ie s  w ith in  c o m p le x  m e d ia  s y s te m s  u n d e r  a n a e ro b ic
Sodium can diffuse into cells when present in the medium at elevated
concentrations and the cell must expend energy to pump the cation out against the
gradient.
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( C a l la n d e r  &  B a r f o r d ,  1 983a; 1 9 8 3 b ), a n d  a e ro b ic  c o n d it io n s  ( P ir t  &  P ir t ,  1 9 7 7 ; L ie ,  
H a u k l ie ,  &  J a c o b s o n , 19 7 5 ; c ite d  b y  C a l la n d e r  &  B a r f o r d ,  1 9 8 3 a ). H o w e v e r ,  it  is  
re c o g n is e d  th a t a c o n s id e ra b le  a m o u n t  o f  re s e a rc h  is  s t i l l  re q u ire d  to  d e v e lo p  a n a ly t ic a l  
te c h n iq u e s  c a p a b le  o f  a s c e rta in in g  th e  d is t r ib u t io n  p a tte rn s  o f  c a t io n ic  s p e c ie s  w ith in  
th e  m e d iu m  ( C a l la n d e r  &  B a r f o r d ,  1 9 8 3 b ). T h e  c o m p le x it y  o f  c a t io n ic  e f fe c ts  o n  th e  
c e l ls  is  in c re a s e d  b y  io n - io n  in te r - re la t io n s h ip s  w h ic h  re s u lt  in  a n y  in d iv id u a l  io n 's  
'o p t im u m ' c o n c e n t ra t io n  b e in g  s t ro n g ly  in f lu e n c e d  b y  th e  le v e ls  o f  o th e r  c a t io n s  w ith in  
th e  m e d iu m  (Jo n e s  &  G r e e n f ie ld ,  1 9 8 4 ).
B io lo g ic a l  e s s e n t ia lity  is  d e m o n s tra te d  b y  r e d u c in g  th e  c o n c e n tra t io n  o f  th e  m e ta l 
w ith in  th e  m e d iu m  u n t il th e  g ro w th  o f  th e  o rg a n is m  is  a ffe c te d  a n d  b e c o m e s  
p r o p o r t io n a l to  the c o n c e n tra t io n  o f  th e  c a t io n . H o w e v e r ,  th is  m e th o d  c a n  b e  p ro n e  to  
c o n ta m in a t io n  p r o b le m s  at the tra ce  le v e ls  in v o lv e d  as w e l l  as y ie ld  m is le a d in g  re s u lts  
w h e n  s u b s t itu t io n  b e tw e e n  m e ta ls  o f  s im ila r  c h e m is t r y  o c c u rs .
O p t im a l  m e d ia  c o m p o s it io n  o f  in o r g a n ic  sa lts  h a s  b e e n  d e te rm in e d  u s in g  
c h e m o s ta t  m e th o d s  ( M a t e le s  &  B a tta t , 1 9 7 4 ) w h ils t  N a g a m u n e , E n d o ,  &  In o u e  (1 9 8 0 )  
u s e d  a s y n th e t ic  m e d iu m  to asse ss  th e  im p a c t  o f  g lu c o s e  a n d  m e ta l io n s  o n  y e a s t  
p h y s io lo g ic a l  a c t iv it ie s  u s in g  v a r ia n c e  a n a ly s is  to  s h o w  h o w  e a c h  io n s  r e la t iv e  a c t iv it y  
is  d e p e n d e n t  o n  its  ra t io  to g lu c o s e .
Storage and Location of Metal Ions
S e p a ra t io n  o f  io n s  y ie ld in g  in t r a c e llu la r  io n  d is t r ib u t io n  p a tte rn s  is  s h o w n  to  
e n a b le  c e l ls  to m a in ta in  o s m o t ic  g ra d ie n ts ; e s ta b lis h  m e m b ra n e  p o te n t ia ls ;  p e r m it  an  
in te rc h a n g e  o f  f o r m s  o f  e n e rg y  ( S e rra n o , 1 9 8 8 ; G o f f e a u  &  B o u r y ,  1 9 8 6 ; c ite d  b y  J o n e s  
&  G a d d ,  1 990) a n d  a f fo r d  an  e x tra  le v e l  o f  c o n t r o l w ith in  th e  re g u la t io n  o f  e n z y m e s  
a n d  m e t a b o lic  p a th w a y s .
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Uptake and Release of Metal Ions
It is  o f  in t r a c e llu la r  c o n s e q u e n c e  th at c e l ls  b e  a b le  to  a c c u ra te ly  d is t in g u is h  ty p e s  
o f  c a t io n s , d e s p ite  s im ila r  io n ic  r a d i i ,  (e .g . N a + a n d  C a ^ +), b y  e x p lo it in g  a n y  
d if fe r e n c e s  in  th e ir  in t r in s ic  c h e m ic a l  p ro p e rt ie s  b u t  it  is  e q u a lly  n e c e s s a ry  f o r  th e  c e l l  
to b e  a b le  to  e n s u re  an  a d e q u a te  s u p p ly  o f  the re q u ire d  m e ta l th ro u g h  a c t iv e  u p ta k e  
m e c h a n is m s . A  h ig h  d e g re e  o f  s e le c t iv it y  m u s t  b e  p re s e n t w ith in  th e  b in d in g  s ite s  o f  
th e  c e l ls  b io m o le c u le s  to  e n s u re  th e  p la c in g  o f  a s p e c if ic  c a t io n  at th e  r e q u ire d  site  
w h ils t  s im u lta n e o u s ly  e x c lu d in g  a n y  c o m p e t in g  io n s ; a s itu a t io n  m u s t  a ls o  p r e v a i l  
w ith in  th e  m e m b r a n e  tra n s p o rt  s y s te m s  f o r  io n s  b o th  e x te rn a l to  th e  c e l l  an d  
'c o m p a r tm e n ta liz e d ' w ith in  th e  c e l l .  A  re v ie w  o f  th e  p o s s ib le  c h e m ic a l- s e le c t iv it y  
s tra te g ie s  a n d  th e  in d iv id u a l  io n - t ra n s p o r t  sy s te m s  u se d  b y  th e  c e l l  is  c o v e r e d  b y  
H u g h e s  a n d  P o o le  (1 9 8 9 )  w h ils t  a  d is c u s s io n  o f  th e  in f lu x  a n d  e f f lu x  tra n s p o rt  
m e c h a n is m s  th ro u g h  y e a s t  p la s m a  m e m b ra n e s  a n d  v a c u o la r  m e m b ra n e s  is  a v a ila b le  
(Jo n e s  & G a d d ,  199 0 ).
Y e a s t s  a c c u m u la te  p o ta s s iu m  v e r y  q u ic k ly  w ith in  th e  c y t o p la s m , n u c le u s  
( R o o m a n s  &  S e v e u s , 1 9 76; c ite d  b y  H u g h e s  &  P o o le ,  19 8 9 ) a n d  in t r a c e llu la r  v a c u o le s  
( O k o r o k o v ,  L ic h k o ,  &  K u la e v ,  1 9 8 0 ; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ) as tra n s p o rte d  b y  
a c o m p le x ,  th o u g h  w e ll- d e f in e d ,  s y s te m  (R o th s te in , 19 7 4 ; c ite d  b y  H u g h e s  &  P o o le ,  
1 9 8 9 ). A  s e c o n d  s y s te m  w ith  a m u c h  g re a te r a f f in it y  f o r  p o t a s s iu m  m a y  e x is t  w ith in  
th e  c e l ls  ( R o d r ig u e z - N a v a r r o  &  R a m o s ,  1984; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ). 
C o n t r o l  o f  u p ta k e  m a y  c o m e  in  p a r t  f r o m  th e  n o n - c o m p e t it iv e  in h ib it io n  o f  o th e r  io n s  
th at b in d  to  a  'm o d if ie r ' s ite  lo c a te d  o n  th e  c a r r ie r  p ro te in  w h ils t  d ire c t  c o m p e t it iv e  
in h ib it io n  c a n  a ls o  a f fe c t  th e  k in e t ic s  o f  u p ta k e . T h e  y e a s t  c e l l  c a n  e s ta b lis h  
tra n s m e m b ra n e  p o ta s s iu m  g ra d ie n ts  to  g e n e ra te  a  d r iv in g  f o r c e  f o r  th e  t ra n s p o rt  o f  
c a lc iu m ,  m a g n e s iu m , le u c in e , g ly c in e ,  a n d  g lu c o s e  ( L i c h k o ,  O k a r o k o v ,  &  K u la e v ,  
1980; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ). H o w e v e r ,  th e  u p ta k e  o f  p o ta s s iu m  re q u ire s  n o t  
o n ly  m e m b r a n e  p o te n t ia l b u t  is  a ls o  b e lie v e d  to  b e  lin k e d  to  A T P  h y d r o ly s is  
( T r o m b a lla ,  1 9 8 0 ; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ) b y  w a y  o f  a n  e n e rg y -d e p e n d e n t
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C a lc iu m  u p ta k e  a c ro s s  m o s t  e u k a ry o t ic  m e m b ra n e s  h a s  b e e n  r e v ie w e d  ( S i lv e r ,  
19 7 7 ; c ite d  b y  H u g h e s  &  P o o le ,  19 8 9 ) w h ils t  th e  s y s te m  f o r  f is s io n  y e a s t  h a s  b een  
d e s c r ib e d  ( B o u t r y ,  F o u r y ,  &  G o f f e a u ,  1977; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ). 
H o w e v e r ,  a  m it o c h o n d r ia l  tra n s p o rt  sy s te m  a p p e a rs  to  b e  a b se n t in  y e a sts  ( L lo y d ,  1974; 
c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ). T h e  d if fe r e n c e  b e tw e e n  th e  c a lc iu m  re q u ire m e n t s  o f  
S. c e rev is ia e  a n d  o th e r  y e a sts  is  re f le c te d  b y  th e  d if fe r e n c e s  in  th e  K m  v a lu e s  o f  the  
u p ta k e  sy s te m s ; 500jLtM  f o r  S. cerev is ia e  a n d  4 5 | iM  f o r  S. p o m b e  ( Jo n e s  &  G r e e n f ie ld ,
1 9 8 4 ). C a lc iu m  e f f lu x  s y s te m s  h a v e  b e e n  d e s c r ib e d , s o m e  o f  w h ic h  a re  e n e rg y -  
d e p e n d e n t  (P it t  &  U g a ld e ,  1984; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ).
Z in c  u p ta k e  h a s  b e e n  w id e ly  s tu d ie d  in  y e a sts  w h e re  s e v e ra l tra n s p o rt  s y s te m s  
e x is t  w h ic h  s h o w  d if f e r in g  s e le c t iv it ie s  f o r  th e  m e ta l a n d  h e n c e  d if fe r e n t  s e n s it iv it ie s  to  
c o m p e t in g  c a t io n s . M o w l l  a n d  G a d d  (1 9 8 3 ; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ) re p o rt  
la rg e  d if fe r e n c e s  b e tw e e n  th e  K m  o f  th e  z in c  tra n s p o rt  s y s te m  in  S. c e rev is ia e  a n d  th at 
o f  th e  s y s te m  p re s e n t  in  S p o ro b o lo m yces  roseu s  ( 5 m M  a n d  0 .0 9 m M  r e s p e c t iv e ly ) .
M a n g a n e s e  u p ta k e  is  c o n t r o lle d  b y  the in t r a c e llu la r  c o n c e n tra t io n  o f  p o ta s s iu m  
a n d  A T P  w ith  th e  a c tu a l q u a n t it ie s  e x tra c te d  f r o m  th e  m e d iu m  b e in g  v e r y  lo w ,  s im ila r  
to  ir o n  in  th is  re s p e c t , w h ils t  c o b a lt  a n d  z in c  u p ta k e  are  s im ila r  in  b e in g  e x t r e m e ly  
ra p id .  A l l  f o u r  c a t io n s  a p p e a r  to  b e  o n ly  ta k e n  u p  f r o m  th e  m e d iu m  b y  th e  y e a s t  c e l ls  
d u r in g  th e  e x p o n e n t ia l  p h a s e  o f  g ro w th .
1.2.3.6. M agnesium  Ions in Y east Physiology
M a g n e s iu m  is  e s s e n t ia l f o r  m ic r o b ia l  g ro w th  (Jo n e s  &  G a d d ,  19 9 0 ; H u g h e s  &  
P o o le ,  1 9 8 9 ). It a cts  as a  c o - fa c t o r  f o r  m a n y  y e a s t  e n z y m e s  (Jo n e s  &  G r e e n f ie ld ,  19 8 4 )  
in c lu d in g  m e m b r a n e - b o u n d  a d e n y l c y c la s e  ( N u r m in e n  &  S u o m a la in e n , 1 9 7 3 ) a n d  
a d e n o s in e  n u c le o t id e s  (S la u g h te r , 1 9 7 3 ; c ite d  b y  S a lt u k o g lu  &  S la u g h te r , 1 9 8 3 ). It is  a  
s tru c tu ra l c o m p o n e n t  o f  r ib o s o m e s  ( W il l ia m s ,  1 9 7 0 ) a n d  c e l l  m e m b ra n e s  (J o n e s  &  
G r e e n f ie ld ,  1 9 8 4 ) a n d  a re g u la to r  o f  c e l l  d iv is io n  in  5 . p o m b e  ( W a lk e r  &  D u f f u s ,  1 9 8 0 ).
electro-neutral K +/H+-exchanging ATPase (M alpartida & Serrano, 1981; cited by
Hughes & Poole, 1989).
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R e v ie w s  o f  m a g n e s iu m  w ith in  h ig h e r  e u k a r y o t ic  c e l ls  are  a v a i la b le  ( S ig e l &  
S ig e l ,  1 9 9 0 ) a lth o u g h  it  is  a c k n o w le d g e d  th at m u c h  o f  m a g n e s iu m 's  p h y s io lo g ic a l  
in f lu e n c e  re m a in s  to b e  s tu d ie d  ( M a g u ir e ,  1 9 9 0 ). F o r  lo w e r  e u k a ry o te s , th e re  is  a ls o  a  
s h o rta g e  o f  s tu d ie s  c o n c e r n in g  th e  ro le  o f  m a g n e s iu m  w ith in  the c e l l  ( W a lk e r ,  M a y n a r d ,  
&  J o h n s , 1 9 9 0 a  &  1 9 9 0 b ) a lth o u g h  s o m e  re v ie w s  o f  m e ta l io n s  c o v e r  m a g n e s iu m  
w ith in  m ic r o b ia l  c e l ls  ( H u g h e s  &  P o o le ,  1 990) a n d  y e a st c e l ls  (Jo n e s  &  G a d d ,  1990; 
J o n e s  &  G r e e n f ie ld ,  1 9 8 4 ). T h i s  s u r v e y  is  c o n f in e d  to  the r o le  o f  m a g n e s iu m  w ith in  
m ic r o b ia l  c e l ls ,  a tte m p tin g  to  fo c u s  o n  S. ce re v is ia e , a lth o u g h  s o m e  re fe re n c e s  to  o th e r  
y e a sts  a n d  m a m m a lia n  c e l ls  a re  m a d e  w h e re  n e c e s s a ry .
Functions of Magnesium
C a lc iu m  a n d  m a g n e s iu m  h a v e  t r a d it io n a l ly  b e e n  a sso c ia te d  d u e  to  th e ir  p r o x im it y  
w ith in  th e  p e r io d ic  ta b le  a n d , as m e n t io n e d  p r e v io u s ly ,  th e y  a re  g e n e r a l ly  in v o lv e d  in  
s tru c tu ra l r o le s  a n d  the t ra n s fe r  o f  io n ic  c h a rg e s . H o w e v e r ,  th e re  are  s e v e ra l d if fe re n c e s  
b e tw e e n  th e m  re g a rd in g  c o m p le x  fo r m a t io n  th a t w i l l  in f lu e n c e  th e ir  b io lo g ic a l  fu n c t io n :  
c a lc iu m  h a s  a  c o - o r d in a t io n  n u m b e r  o f  se v e n  o r  e ig h t  y ie ld in g  ir r e g u la r  c o - o r d in a t io n  
g e o m e try  in  te rm s  o f  b o n d  a n g le  a n d  b o n d  le n g th  w h e re a s  m a g n e s iu m  s h o w s  a  c o ­
o rd in a t io n  n u m b e r  o f  s ix  th at re s u lts  in  a  c lo s e ly  r e g u la r  o c ta h e d ro n . T h u s ,  m a g n e s iu m -  
p ro te in  c o m p le x e s  w o u ld  b e  e x p e c te d  to  b e  le s s  c o m m o n  th an  the c a lc iu m  c o u n te r-p a rts  
o w in g  to  the ir re g u la r  g e o m e tr ie s  a s s o c ia te d  w ith  b io lo g ic a l  m o le c u le s  ( W il l ia m s ,  
1 9 7 6 ). S im i la r ly ,  c r o s s - l in k in g  d e m a n d s  s u c h  h ig h  c o - o r d in a t io n  n u m b e rs  a n d  ir re g u la r  
g e o m e t ry  th at it  w i l l  b e  a  p r im a r y  fe a tu re  o f  c a lc iu m  ra th e r  th an  m a g n e s iu m  c h e m is t r y  
( H u g h e s  &  P o o le ,  1 9 8 9 ). T h e  c a lc iu m  c r o s s - l in k  is  a s s o c ia te d  w ith  m o le c u le s  lo c a te d  
o n  th e  c e l l  s u r fa c e  s u c h  as m e m b ra n e  p h o s p h o lip id s - to - p ro te in s  ( L e w is  e t a l.,  1978)  
w h e re a s  th e  w e a k  m a g n e s iu m  c r o s s - l in k  is  a s s o c ia te d  w ith  t R N A ,  r R N A  a n d  th e  s u b ­
u n its  o f  r ib o s o m e s . T h e  re v e r s ib le  n a tu re  o f  io n ic  c r o s s - l in k in g ,  c o m p a r e d  to  th e  m o re  
r ig id  s u lp h u r  b r id g e s , is  b e lie v e d  to  fa c i lit a t e  a  r a p id  re s p o n s e  to  c h a n g in g  c o n d it io n s  
( W il l ia m s ,  1 9 7 6 ).
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M a g n e s iu m  h a s  b e e n  s h o w n  to s t im u la te  th e  g ro w th  re s p o n s e  o f  m ic r o b e s  to  o th e r  
m e ta ls  a lth o u g h  th e  g ro w th  re q u ire m e n t  f o r  m a g n e s iu m  ca n  n o t  b e  m e t  b y  o th e r m e ta ls  
( T e m p e s t ,  1 9 6 9 ; c ite d  b y  J o n e s  &  G r e e n f ie ld ,  1 9 8 4 ). H o w e v e r ,  m a n g a n e s e  c a n  r e p la c e  
m a g n e s iu m  in  s o m e  c e l lu la r  p ro c e s s e s  s u c h  as c e l l  d iv is io n  ( U t k i le n ,  1 9 8 4 ). T h e  a c t io n  
o f  c a lc iu m  is  k n o w n  to  b e  a n ta g o n is t ic  to  th e  c o r re c t  f u n c t io n in g  o f  m a g n e s iu m  
( S a lt u k o g lu  &  S la u g h te r , 19 8 3 ) a n d  o n e  p r o p o s a l (Jo n e s  &  G a d d ,  1 9 9 0 ) is  th at th e  
c a lc iu m  o u t-c o m p e te s  th e  m a g n e s iu m  w h e n  b in d in g  to  A T P  a n d  n u c le ic  a c id s  b e c a u s e  
o f  its  s t ro n g e r  b in d in g  a f f in it y .  In a c t iv a te d  c o m p le x e s  th e n  p re d o m in a te  ( W il l ia m s ,  
1 9 7 0 ), c a u s in g  a  s itu a t io n  s im ila r  to th a t d e s c r ib e d  p r e v io u s ly  f o r  a lu m in iu m . T h e  
t ig h te r  b in d in g  a n d  s lo w e r  d is s o c ia t io n  o f  c a lc iu m  f r o m  a m a g n e s iu m - b in d in g  s ite  o n  a  
d e p h o s p h o r y la t in g  p h o s p h o e n z y m e  f r o m  m a m m a lia n  g a s tr ic  c e l ls  is  a ls o  s u g g e s te d  as a  
re a s o n  f o r  th e  s lo w e r  e n z y m e  k in e t ic s  ( M e n d le in  &  S a c h s , 198 9 ).
M a g n e s iu m  is  c o n s id e re d  as m a in t a in in g  th e  fu n c t io n  o f  m a n y  y e a s t  c e l l  
c o n s t itu e n ts  b y  p r o v id in g  a  s h ie ld in g  e f fe c t  to  a n io n ic  s ite s , e s p e c ia l ly  c o n c e r n in g  
m e m b r a n e  in te g r ity  a n d  f u n c t io n  w h e re  its  le v e l  o f  in c o r p o r a t io n  is  s ig n if ic a n t ly  h ig h e r  
th a n  th a t o f  c a lc iu m  (Jo n e s  &  G r e e n f ie ld ,  1 9 8 4 ). T h is  m e m b ra n e  in v o lv e m e n t  a p p e a rs  
to  b e  re la te d  to p ro te in - p ro te in  in te ra c t io n s  as o p p o s e d  to  th e  l ip id - p r o t e in  a c t io n s  
d e f in e d  f o r  c a lc iu m  (Jo n e s  &  G r e e n f ie ld ,  1 9 8 4 ). T h e  lin k a g e  o f  A T P a s e  to  th e  y e a s t  
m e m b r a n e  ( L e w is  e t a l.,  19 7 8 ) re q u ire s  m a g n e s iu m  to  a id  th e  re a s s o c ia t io n  o f  fre e  
A T P a s e  w ith  th e  m e m b r a n e  ( A b r a m s  &  B a r o n ,  1 9 6 8 ). M a g n e s iu m 's  in f lu e n c e  o v e r  
m e m b r a n e  s tru c tu re  a n d  in te g r ity  e x te n d s  to  th e  c o n t r o l  o f  th e  e x c h a n g e  o f  m o n o v a le n t  
c a t io n s  s u c h  as K +/ H + a n d  N a +/ H + ( R o d r ig u e z - N a v a r r o  &  S a n c h o , 1 9 7 9 ) w h ic h  m a y ,  
in  p a rt , a c c o u n t  f o r  th e  o b s e rv a t io n  that m a g n e s iu m  re p re s se s  th e  w e ig h t  lo s s  o f  S. 
ce re v is ia e  c a u s e d  b y  th e  p re s e n c e  o f  s o d iu m  u n d e c y le n a te  ( T a n i,  K u r iy a m a ,  &  O ts u k a ,  
1 9 6 7 ).
T h e  c o n fo r m a t io n a l f o ld in g  o f  la rg e  s tru c tu re s  su c h  as n u c le ic  a c id s ,  w h ic h  
c o n ta in  m a n y  a n io n ic  g ro u p s , e .g . p h o s p h a te s , c a n  u s u a lly  o n ly  o c c u r  i f  th e  n e g a t iv e  
c h a rg e s  a re  s h ie ld e d  b y  m a g n e s iu m . F o r  e x a m p le , d e n a tu ra t io n  o f  th e  D N A  stra n d  is
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a s s o c ia te d  w ith  th e  re le a s e  o f  m a g n e s iu m  ( W u , D a tta g u p ta , H o g a n ,  &  C ro th e rs ,  1979; 
c ite d  b y  H u g h e s  &  P o o le ,  19 8 9 ) a n d  y e a s t  tra n s fe r  R N A  c a n  o n ly  b in d  a m in o  a c id s  
w h e n  m a g n e s iu m  is  p re s e n t ( T e e te r , Q u ig le y ,  &  R ic h ,  1981; c ite d  b y  H u g h e s  &  P o o le ,  
1 9 8 9 ). W it h in  th e  t R N A  m o le c u le ,  'w e a k ' b in d in g  is  th o u g h t  to  b e  re s p o n s ib le  fo r  
g e n e ra l f o ld in g  e f fe c ts  a n d  a s s o c ia t io n  to  th e  r ib o s o m e s  w h ils t  's tro n g ' b in d in g  is  
th o u g h t  to e f fe c t  m o r e  s p e c if ic  c o n fo r m a t io n a l c h a n g e s  ( T e e te r  e t  a l . , 1 9 81; c ite d  b y  
H u g h e s  &  P o o le ,  1 9 8 9 ).
R ib o s o m e s  r e ly  o n  m a g n e s iu m  f o r  th e  s ta b ility  o f  th e ir  s tru c tu re  a n d  the  
in te r a c t io n  h a s  b e e n  e x t e n s iv e ly  s tu d ie d  f o r  E. co li  ( G o s s ,  P a rk h u rs t ,  &  W a h b a ,  1980; 
G o r is c h ,  G o s s ,  &  P a rk h u rs t , 1976; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ). C h a n g e s  in  the  
m it o c h o n d r ia l  s tru c tu re  o f  S. p o m b e  h a v e  b e e n  s h o w n  to b e  d e p e n d e n t  o n  th e  p re s e n c e  
o f  m a g n e s iu m  io n s  ( W a lk e r  &  B ir c h - A n d e r s o n ,  1984; W a lk e r ,  B ir c h - A n d e r s o n ,  
H a m b u r g e r ,  &  K r a m h o f t ,  1 9 8 2 ). T h e s e  c h a n g e s  in  m it o c h o n d r ia l  s tru c tu re  h a v e  b een  
c o r re la te d  to  c h a n g e s  in  th e  r e s p ira to ry  q u o t ie n t  o f  th e  c e l ls  as a fu n c t io n  o f  m a g n e s iu m  
s u p p ly  ( W a lk e r  e t  a l.,  1 9 8 2 ).
M a g n e s iu m  s t im u la te s  y e a st fe r m e n ta t io n  b y  e n h a n c in g  th e  u p ta k e  o f  p h o s p h a te  
f r o m  th e  m e d iu m  ( N o r d h e im ,  19 6 8 ; B o r s t - P a u w e ls ,  1967) p o s s ib ly  b y  th e  s ta b ilis a t io n  
o f  th e  s u b -u n its  o f  th e  p h o s p h a te  tra n s p o rt  s y s te m  (Jo n e s  &  G r e e n f ie ld ,  1 9 8 4 ).
F iv e  c la s s e s  o f  e n z y m e s  re q u ire  m a g n e s iu m  as a  c o fa c t o r  ( M a h le r ,  1961; c ite d  b y  
H e a t o n , 19 9 0 ) w ith  th e  la rg e s t  g ro u p  o f  m a g n e s iu m -a c t iv a te d  e n z y m e s  b e in g  th o se  
w h ic h  e f fe c t  th e  tra n s fe r  o f  the te r m in a l p h o s p h o r y l  g ro u p  f r o m  A T P ,  e .g . k in a s e s ,  
sy n th e ta se s  a n d  p h o s p h a ta s e s  ( H e a to n , 1 9 9 0 ). T h e  m a jo r  r o le s  o f  p h o s p h o r y la t in g  
e n z y m e s  w ith in  y e a s t  g ly c o ly s is ,  e .g . h e x o k in a s e , p h o s p h o fr u c t o k in a s e ,  
p h o s p h o g ly c e ra te  k in a s e , a n d  p y ru v a te  k in a s e  (P e d e rs o n  &  G u p t a ,  1 9 79; c ite d  b y  
H u g h e s  &  P o o le ,  1 9 8 9 ), a n d  th e  in v o lv e m e n t  o f  o th e r c la s s e s  o f  e n z y m e s  w ith in  the  
T C A  c y c le ,  e .g . p y ru v a te  d e h y d ro g e n a s e , c itra te  s y n th a se , a n d  s u c c in y l - C o A  
s y n th e ta se , in fe rs  s ig n if ic a n t  c e l lu la r  im p o r ta n c e  to  m a g n e s iu m . T h i s  is  s u p p o rte d  b y
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th e  k n o w le d g e  th at m a g n e s iu m - r e q u ir in g  e n z y m e s  f r o m  th e  o th e r  g ro u p s  a re  in v o lv e d  
in  v ir t u a l ly  e v e r y  a s p e c t  o f  b io s y n th e s is  ( D u f f u s  &  W a lk e r ,  1 9 8 5 ).
T h e r e  a p p e a r  to  b e  tw o  m e c h a n is m s  b y  w h ic h  m a g n e s iu m  c a n  a c t iv a te  e n z y m e s :  
th e  f ir s t  in v o lv in g  th e  fo rm a t io n  o f  an  a c t iv e  su b stra te  a n d  th e  s e c o n d  th e  f o r m a t io n  o f  
an  a c t iv e  e n z y m e . A n  e x a m p le  o f  th e  f ir s t  m e c h a n is m  is  th e  b in d in g  o f  m a g n e s iu m  to  
A T P  to  y ie ld  an  M g ( A T P ) ^ - c o m p le x .  T h i s  b o n d in g  re n d e rs  th e  te r m in a l p h o s p h o r y l  
g ro u p  m o r e  s u s c e p t ib le  to  a n u c le o p h i l ic  a tta ck  f r o m  a c o -s u b s tra te  d u e  to  the  
e le c t r o p h i l ic  n a tu re  o f  th e  m a g n e s iu m  ( M i ld v a n ,  1 9 8 7 ; c ite d  b y  H e a t o n  1 9 9 0 ). A n  
M g ( A D P ) '  c o m p le x  a p p e a rs  to b e  th e  su b stra te  f o r  c re a t in e  k in a s e  ( O 'S u l l iv a n ,  
D ie f e n b a c h ,  &  C o h n ,  1 9 66; c ite d  b y  H e a t o n , 1 9 9 0 ) w h ils t  o th e r  s tu d ie s  s u g g e s t  th at 
m a g n e s iu m  m a y  a c t iv a te  is o c it ra te , th e  su b stra te  o f  is o c it ra te  d e h y d ro g e n a s e  (P la u t , 
S c h r a m m , &  A o g a ic h i ,  1974; c ite d  b y  H e a t o n , 1 9 9 0 ). T h e  s e c o n d  m e c h a n is m  in v o lv e s  
th e  m a g n e s iu m  b in d in g  d ir e c t ly  to  th e  e n z y m e  to  p r o d u c e  th e  c o n fo r m a t io n a l c h a n g e s  
n e c e s s a ry  f o r  c a t a ly t ic  a c t iv ity .  F o r  e x a m p le , e n o la s e  ( R o s e , 1 987) b in d s  its  fu l l  
c o m p le m e n t  o f  m a g n e s iu m  o n ly  in  th e  p re s e n c e  o f  the su b stra te , 2 - p h o s p h o g ly c e r a te ,  
w h e re u p o n  th e  e n z y m e  b e c o m e s  f u l ly  a c t iv e  ( B r e w e r , 1 9 81; c ite d  b y  H u g h e s  &  P o o le ,  
1989).
M a g n e s iu m  io n s  h a v e  b e e n  s h o w n  to  b e  e s s e n t ia l f o r  c e l l  d iv is io n  in  th e  f is s io n  
y e a st S. p o m b e  ( W a lk e r  &  D u f f u s ,  1 9 8 0 ) u s in g  c h e la t in g  a g e n ts  a n d  th e  in t r o d u c t io n  o f  
c e l ls  to M g 2 + - d e f ic ie n t  m e d ia  ( L lo y d  e t  a l . , 1982; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ). In  
th e  la tte r in s ta n c e , th e  c e l ls  c o n t in u e  to  e lo n g a te  b u t  n u c le a r  d iv is io n  a n d  c e l l  p la te  
fo rm a t io n  a re  in h ib it e d  ( W a lk e r  &  D u f f u s ,  19 8 0 ) w h ic h  s u g g e s ts  th at m a g n e s iu m  
d e f ic ie n c y  a f fe c ts  e v e n ts  la te  in  th e  c e l l  c y c le .  M a g n e s iu m  d e f ic ie n c y  c a u s e s  a 
b lo c k a g e  o f  c e l l  d iv is io n  at the G 2/ M  b o u n d a r y  o f  th e  c e l l  c y c le  ( W a lk e r  &  D u f f u s ,
19 8 0 ); a fa c t  th at is  v e r if ie d  b y  m a g n e s iu m  s h ift -u p  o f  m a g n e s iu m - lim it e d  c u ltu re s  
c a u s in g  a  s y n c h r o n iz a t io n  o f  c e l l  d iv is io n  ( W a lk e r  &  D u f f u s ,  1 9 8 0 ). U s e  o f  io n o p h o r e s  
to  a r t i f ic ia l ly  re d u c e  th e  in t r a c e llu la r  m a g n e s iu m  c o n c e n tra t io n  a c c e le ra te s  th e  c e l l
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U s e  o f  s y n c h ro n iz e d  c e l l  p o p u la t io n s  o f  S. p o m b e  h a v e  e n a b le d  a c c u ra te  
m e a s u re m e n ts  o f  th e  to ta l in t r a c e llu la r  m a g n e s iu m  to  b e  m a d e  ( W a lk e r  &  D u f f u s ,
19 8 0 ); th e  f in d in g s  re v e a le d  th at n o  in c re a s e  in  th e  m a g n e s iu m  c o n te n t  o c c u r r e d  as the  
c e l ls  e lo n g a te d . T h u s ,  a  s te a d y  f a l l  in  th e  in t r a c e llu la r  m a g n e s iu m  c o n c e n tra t io n  as a  
re s u lt  o f  th e  in c re a s in g  c e l l  s iz e  o c c u rs .  H o w e v e r ,  a  r a p id  in f lu x  o f  m a g n e s iu m  o c c u rs  
im m e d ia t e ly  b e fo re  c e l l  d iv is io n  ( W a lk e r  &  D u f f u s ,  1980) w h ic h  m a y  b e  re s p o n s ib le  
f o r  m ic r o t u b u le  d is a s s e m b ly  ( W a lk e r  &  D u f f u s ,  1 9 8 3 ). T h e s e  c y c l i c  f lu c t u a t io n s  o f  
m a g n e s iu m  m a y  a ct as a  t ra n s d u c e r  o f  c e l l  s iz e  c o r re la t in g  c e l l  g ro w th  to  m ito s is  an d  
c e l l  d iv is io n  ( W a lk e r  &  D u f f u s ,  1 9 8 3 ).
M a g n e s iu m  h a s  b e e n  im p lic a t e d  in  the c o - o r d in a t io n  o f  c e l lu la r  e v e n ts  ( R u b in ,  
1975) b e c a u s e  o f  its  u b iq u it o u s  in v o lv e m e n t  w ith  s e v e ra l m a jo r  c la s s e s  o f  e n z y m e s  
w h o s e  r e la t iv e  a c t iv it ie s  w i l l  b e  in f lu e n c e d  b y  th e  a v a i la b i l it y  o f  th e  c a t io n  ( D u f f u s  &  
W a lk e r ,  1 9 8 5 ). F o r  e x a m p le , a p o s s ib le  c o n t r o l l in g  r o le  f o r  m a g n e s iu m  in  th e  s y n th e s is  
o f  R N A  h a s  b e e n  p ro p o s e d  b a se d  o n  c h e m o s ta t  s tu d ie s  ( T e m p e s t ,  1 9 69; c ite d  b y  Jo n e s  
&  G r e e n f ie ld ,  1 984) w h ic h  s h o w  h o w  the in t r a c e llu la r  m a g n e s iu m  re q u ire m e n t  is  
c lo s e ly  p a r a lle le d  b y  c h a n g e s  in  th e  R N A  c o n te n t  o f  the c e l l  as a fu n c t io n  o f  g ro w th  
rate .
cycle , indicating a causative rather than a responsive effect for magnesium (W alker,
1986).
M a g n e s iu m  d e p re sse s  th e  fo r m a t io n  o f  fu s e l a lc o h o ls  s u c h  as A o b u t a n o l a n d  D -  
p e n ta n o l ( N o r d s t r o m  &  C a r ls s o n ,  19 6 5 ) w h ils t  to ta l in h ib it io n  o f  g ro w th  h a s  b een  
re p o rte d  to  o c c u r  at 1 M  (Jo n e s  &  G r e e n f ie ld ,  198 4 ).
Physiological Levels of Magnesium
R e la t iv e  to  o th e r e s s e n t ia l c a t io n s , m a g n e s iu m  is  c o n s id e re d  as a  b u lk  in t r a c e llu la r  
s p e c ie s  ( H u g h e s  &  P o o le ,  1 9 8 9 ) b a se d  o n  th e  c o n c e n tra t io n  at w h ic h  it  b e c o m e s  
l im it in g  f o r  g ro w th  (P irt , 1 9 7 5 ). F o r  S a cch arom yces  s p e c ie s , th e  m in im u m  r e q u ire m e n t  
f o r  g ro w th  a n d  fe rm e n ta t io n  in  a  b a tc h  c u ltu re  o f  m in im a l m e d ia  h a s  b e e n  re p o rte d  as
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1 .7 m M  (Jo n e s  &  G r e e n f ie ld ,  1 984) a lth o u g h  L o t a n  e t  a l. (1 9 7 6 )  state th at th e  o p t im a l  
c o n c e n tra t io n  f o r  g ro w th  o f  S. ca rlsb erg en sis  is  8 .2 3 m M  (2 0 0 jig / m l) . A lt e r n a t iv e ly ,  the  
m in im u m  q u a n t ity  o f  m a g n e s iu m  re q u ire d  to p r o d u c e  lO O g  d r y  w e ig h t  w h e n  th e  sp e c ie s  
is  g r o w t h - l im it in g  is  0 .1  - 0 .4 g  ( H u g h e s  &  P o o le ,  1 9 8 9 ). H o w e v e r ,  y ie ld  v a r ie s  w ith  
the g ro w th  c o n d it io n s  e m p lo y e d  ( H u g h e s  &  P o o le ,  1989; S a lt u k o g lu  &  S la u g h te r ,
1 9 8 3 ). T h e  o p t im a l ra n g e  f o r  b a tc h -g ro w th  in  S a c c h a r o m y c e s  s p e c ie s  o n  m in im a l  
m e d ia  h a s  b e e n  re p o rte d  as 2  - 4 m M  (Jo n e s  &  G r e e n f ie ld ,  1 9 8 4 ) a lth o u g h  N a g a m u n e  e t  
al. (1 9 8 0 )  re p o r t  th at c e l l  g ro w th  w a s  a ffe c te d  b y  a m a g n e s iu m  c o n c e n tra t io n  o f  7/1 0 0 0  
o f  th e  g lu c o s e  le v e l.  G r o w t h - l im it in g  v a lu e s  f o r  Y E P D  a re  d if fe r e n t  a g a in ; le ss-th a n
0 .0 5 m M  f o r  S. p o m b e  a n d  le s s -th a n  0 .2 0 m M  f o r  S. cerev isia e .
A  p o s it iv e  e f fe c t  o f  m a g n e s iu m  s u lp h a te  o n  y e a st g ro w th  in  D ifco  y e a st c a rb o n  
b a se  w a s  o b s e rv e d  ( N o r d s t r o m  &  C a r ls s o n ,  1 9 6 5 ) in  th e  ra n g e  0 - 1 .6 5 m M  ( 0 -4 0 m g / L )  
f o r  sa k e  y e a s t  a n d  0 -4 .1  I itlM  (0 -1 0 0 m g / L )  f o r  a  b re w e r 's  y e a s t  w h ils t  the  
s u p p le m e n t in g  o f  s y n th e t ic  m e d ia  w ith  m a g n e s iu m  s u lp h a te  h a s  b e e n  fo u n d  to  
a m e lio ra te  th e  e f fe c ts  o f  h ig h  o s m o t ic  p re s s u re  ( D 'A m o r e ,  P a n c h a l,  R u s s e l l ,  &  S te w a rt ,
1 9 8 8 ). E x p o n e n t ia l  g ro w th  w a s  e x te n d e d , a n d  th e  d e c lin e  in  th e  fe r m e n ta t iv e  a c t iv ity  
o f  S. ce rev is ia e  s lo w e d , b y  th e  u se  o f  a  h ig h  g lu c o s e  c o n c e n tra t io n  in  Y E P D  m e d iu m  
w ith  0 .5 m M  M g ^ + ( D o m b e k  &  In g ra m , 1 9 8 6 ).
Storage and Location of Magnesium
T h e  in t r a c e llu la r  c o n c e n tra t io n  o f  m a g n e s iu m  w ith in  y e a sts  is  r e la t iv e ly  h ig h  
c o m p a r e d  to  o th e r io n s ,  b e in g  in  th e  ra n g e  3 .3 m M - 2 0 m M  ( H u g h e s  &  P o o le ,  1989). 
H o w e v e r ,  n e a r ly  7 0%  o f  th e  to ta l m a g n e s iu m  w it h in  S. p o m b e  ( W a lk e r ,  19 8 5 ) is  
a s s o c ia te d  to  A T P ,  A D P ,  n u c le ic  a c id s  a n d  r ib o s o m e s  w h ils t  4 0%  m a y  b e  e n c lo s e d  in  
y e a s t  c y t o p la s m ic  v a c u o le s  (Jo n e s  &  G a d d ,  1 9 9 0 ; G a d d  &  W h it e ,  1 9 8 9 ). A n im a l  c e lls  
m a y  h a v e  o n ly  0 .5 -5 %  as fre e  m a g n e s iu m  ( R e in h a rt , 1988; F la t m a n ,  1 9 8 4 ; c ite d  b y  
M a g u ir e ,  1 9 9 0 ) b u t  m ic r o b ia l  c e l ls  m a y  b e  as h ig h  as 2 0 m M  ( O k o r o k o v ,  L ic h k o ,  
K h o lo d e n k o ,  K a d o m t s e v a ,  P e t r ik e v ic h ,  Z a ic h k in ,  &  K a r im o v a ,  1 9 7 5 ) a lth o u g h  o th e r  
re p o rts  ( L u s k ,  W i l l i a m s ,  &  K e n n e d y ,  1 9 68; c ite d  b y  U t k i le n ,  19 8 4 ) s u g g e s t  u p p e r  l im its
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o f  l - 4 m M .  P o ly m e r ic  o r th o p h o s p h a te s  o f  m a g n e s iu m  ( O k o r o k o v  e t  a l.,  1 9 7 5 ) m a y  a ct  
to re g u la te  th e  c y t o p la s m ic  c o n c e n tra t io n  o f  fre e  m a g n e s iu m  ( L ic h k o  e t a l., 1 9 8 2 ; c ite d  
b y  J o n e s  &  G a d d ,  1 9 90; O k o r o k o v ,  L ic h k o ,  K a d o m t s e v a , K h o lo d e n k o ,  P e t r ik e v ic h ,  
Z a ic h k in ,  &  K a r im o v a ,  1 9 7 4 ; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ) u s in g  a n  A T P a s e -  
g e n e ra te d , p ro to n  g ra d ie n t  a c ro s s  th e  v a c u o la r  m e m b ra n e  ( E i la m ,  L a v i ,  &  G r o s s o w ic z ,  
1 9 85; O k o r o k o v ,  1 9 85; N ic o la y ,  S c h e f fe r s ,  B r u in e n b u r g ,  &  K a p t e in ,  1 9 8 2 ; c ite d  b y  
J o n e s  &  G a d d ,  1 9 9 0 ). T h i s  p ro c e s s  d o e s  n o t  a p p e a r  to  b e  u s e d  f o r  p h o s p h a te  tra n s p o rt  
( S h a n k s  &  B a i le y ,  1 9 9 0 ).
D ia m o n d  an d  R o s e  (1 9 7 0 )  s h o w e d  th at s e v e ra l io n s , in c lu d in g  m a g n e s iu m , l im it  
th e  ly s is  o f  s p h e ro p la s ts  a t 3 0 ° C  a n d  p ro p o s e  th at th is  r e v e a ls  th e  p re s e n c e  o f  
u n o c c u p ie d  io n - b in d in g  s ite s  o n  th e  m e m b ra n e  as a  re s u lt  o f  s p h e ro p la s t  fo r m a t io n  th at 
c o u ld  in d ic a te  a r o le  f o r  th e  c e l l  w a ll  in  m a in t a in in g  th e  io n ic  e n v ir o n m e n t  o f  th e  
m e m b r a n e  o f  th e  in ta c t  c e l l .
Uptake and Release of Magnesium
It h a s  b e e n  stated  th a t s tr in g e n t  c o n t ro l o f  th e  in t r a c e llu la r  c o n c e n t ra t io n  o f  an  io n  
in d ic a te s  a  r e g u la to ry  fu n c t io n  fo r  th at io n  ( M a g u ir e ,  1990); th is  a p p e a rs  to  b e  th e  ca s e  
f o r  in t r a c e llu la r  m a g n e s iu m  c o n c e n tra t io n  w ith in  h ig h e r  e u k a ry o te s  ( M a g u ir e ,  1 9 9 0 ).
T r a n s p o r t  sy s te m s  w it h in  th e  y e a s t  c e l l  a re  a n a lo g o u s  to  th o se  fo u n d  in  b a c te r ia  
(Ja s p e r  &  S i lv e r ,  1 9 77; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ). W it h in  S. ce rev is ia e  th e re  
e x is t  m a g n e s iu m - s p e c if ic ,  A T P - d e p e n d e n t ,  h ig h - a f f in it y  c a r r ie r  s y s te m s  ( B ia n c h i,  
C a r b o n e ,  &  L u c c h in i ,  1 9 8 1 ) w ith  p h o s p h a te  a p p a re n t ly  a c t in g  as th e  c h a rg e -  
c o m p e n s a to r  b u t m a g n e s iu m  m a y  a ls o  b e  tra n sp o rte d  th ro u g h  th e  p o ta s s iu m  c a r r ie r  
s y s te m s  as w e ll  as c o m p e t in g  f o r  th e  m a n g a n e s e  c a r r ie r  (R o th s te in , H a y e s ,  J e n n in g s , &  
H o o p e r ,  1 9 58; c ite d  b y  H u g h e s  &  P o o le ,  1 9 8 9 ). C o b a lt  a n d  m a g n e s iu m  re q u ire m e n ts  
in  c e r ta in  y e a sts  a n d  f u n g i  a re  c lo s e ly  in te g ra te d  (H u tn e r , 1 9 7 2 ) as b o th  c a t io n s  m a y  
sh a re  u p ta k e  sy s te m s  a n d  in t r a c e llu la r  b in d in g  s ite s . T h e  u p ta k e  o f  m a g n e s iu m  b y  
y e a sts  is  d e p e n d e n t o n  th e  p re s e n c e  o f  p o ta s s iu m  th at is  in  tu rn  d e p e n d e n t  o n  th e  
p re s e n c e  o f  p h o s p h a te  ( B a h a d u r  &  V e r m a ,  1 9 5 9 ). F u r th e r  w o r k  o n  th e  c h a ra c te r iz a t io n
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M a g n e s iu m  u p ta k e  p a tte rn s  f o r  w i ld - t y p e  S. ce rev is ia e  a re  a v a ila b le  ( B ia n c h i  e t  
a i ,  1 9 8 1 ) w h ils t  d ata  f o r  la b o ra t o r y  s tra in s  s im p ly  d e ta ils  th e  a m o u n t  o f  m a g n e s iu m  
r e m o v e d  f r o m  a m in im a l  m e d iu m  at th e  e n d  o f  a fe rm e n ta t io n . A  c o n s ta n t  v a lu e  o f
1.1 p g  M g  n e w  c e l l - ! w a s  o b ta in e d  a b o v e  an  in it ia l  m e d iu m  m a g n e s iu m  c o n c e n tra t io n  
o f  0 .6 6 m M  (1 6 m g / L )  ( S a lt u k o g lu  &  S la u g h te r , 1 9 8 3 ). ( M a x im u m  u p ta k e  a c c o r d in g  to  
N e t te r  a n d  S a c h s  (1 9 6 1 )  is  9 m M  p e r  lit re  o f  y e a s t  a t a  m e d iu m  c o n c e n tra t io n  o f  1.1 m M  
m a g n e s iu m ) . T h e  c o n c e n t ra t io n  o f  fre e  m a g n e s iu m  w ith in  c e l ls  o f  S. c e rev is ia e  a p p e a rs  
n o t  to  b e  in f lu e n c e d  b y  th e  e x te rn a l m e d iu m  c o n c e n tra t io n  ( O k o r o k o v  e t  a l.,  1975)  
w h ils t  th e  o v e r a l l  m a g n e s iu m  c o n te n t  o f  m a n y  e u k a ry o t ic  c e l ls  in c re a s e s  b y  le s s  th an  
t w o - fo ld  f o r  a  1 0 ,0 0 0 - fo ld  in c re a s e  in  th e  m e d iu m  ( F la tm a n , 1 9 8 4 ; c ite d  b y  M a g u ir e ,
1 9 9 0 ). T h e  la tte r  c a s e  is  in  m a rk e d  c o n tra s t  to  th e  s itu a t io n  f o r  th e  to ta l c a lc iu m  o f  
e u k a r y o t ic  c e l ls  ( R a s m u s s e n , 19 8 6 ; c ite d  b y  M a g u ir e ,  1 9 9 0 ).
S t e p h a n o p o u lo s  a n d  L e w is  (1 9 6 8 )  d e s c r ib e d  a p ro c e s s  o f  e x c re t io n  o f  m a g n e s iu m  
a n d  p o ta s s iu m  a s s o c ia te d  w ith  p h o s p h a te  le a k a g e  f r o m  c e l ls  p la c e d  in  a g lu c o s e  
s o lu t io n . T h e  p ro c e s s  w a s  b e lie v e d  to  b e  a s s o c ia te d  w ith  an  in c re a s e  in  th e  p e r m e a b il it y  
o f  th e  c e l l  m e m b ra n e  as a  n o r m a l p h y s io lo g ic a l  re s p o n s e  to  th e  p re s e n c e  o f  fe r m e n ta b le  
su g a rs . T h e  re s p o n s e  w a s  s h o w n  to  b e  in d e p e n d e n t  o f  th e  o s m o t ic  p re s s u re  o f  the  
m e d iu m  a n d  th e  e n e rg y  d e r iv e d  f r o m  fe rm e n ta t io n  a n d  m it ig a te d  b y  th e  p re s e n c e  o f  
c a lc iu m  io n s  ( L e w is  &  S t e p h a n o p o u lo s ,  1 9 6 7 ).




T h e r e  is  c o n s id e r a b le  e c o n o m ic  in te re s t  in  th e  u s e  o f  y e a sts  a s  p r o d u c e r s  o f  a w id e  
ra n g e  o f  c h e m ic a l  c o m p o u n d s ,  h o w e v e r ,  p h y s io lo g ic a l  s tu d ie s  o n  in d u s t r ia l  s tra in s  a re  
s c a rc e  in  th e  lite ra tu re , a lth o u g h  th e re  is  an  o b v io u s  n e e d  to  b e  a b le  to  c o n t r o l y e a s t  
c u ltu re s  i f  su b stra te s  a re  to  b e  u s e d  e f f ic ie n t ly .  C o n t r o l  o f  c u ltu re s  is  d i f f i c u l t  a n d  
u s u a lly  in v o lv e s  w a it in g  f o r  a  p r o b le m  to  o c c u r  b e fo re  im p le m e n t in g  n o n - s p e c if ic  
c u r a t iv e  m e a s u re s  th a t a re  o fte n  to o  la te  to  b e  t r u ly  e f fe c t iv e .
A  d e e p e r  u n d e rs ta n d in g  o f  th e  r o le  o f  th e  c u ltu re  e n v ir o n m e n t  in  th e  re g u la t io n  o f  
c e l l  m e ta b o lis m  is  seen  as a  w a y  o f  e x e rt in g  d ire c t  c o n t r o l o v e r  c e l l  c u ltu re s  b o th  in  an  
im m e d ia t e  re s p o n s e  a n d  in  a  m o r e  lo n g - te rm , p r e d ic t iv e  m a n n e r .
T h e  e n v ir o n m e n ta l m a g n e s iu m  statu s is  o f  p r im e  im p o r ta n c e  to  th e  c e l l ,  f u l f i l l in g  
m u lt ip le  ro le s  as an  e n z y m e  c o fa c t o r ,  a  s tru c tu ra l a g e n t a n d  a re g u la to r  o f  c e l l  c y c le  
e v e n ts . T h e s e  c e l l  re q u ire m e n ts  j u s t i f y  s tu d ie s  in to  th e  in f lu e n c e  o f  m a g n e s iu m  o n  
y e a s t  in te r m e d ia r y  m e ta b o lis m .
1.4. Aims and Objectives of the Thesis
T h e  f o l lo w in g  re p re s e n t  th e  m a in  a im s  a n d  o b je c t iv e s  o f  th is  s tu d y :
a) T o  c h a ra c te r iz e  th e  m a g n e s iu m  re q u ire m e n ts  o f  S. ce re v is ia e  d u r in g  g ro w th  
a n d  fe rm e n ta t io n  w ith in  a  b a tc h  c u lt u re  a n d  e s ta b lis h  th e  m a g n e s iu m - c o n c e n t ra t io n  at 
w h ic h  g ro w th  is  l im it e d  a n d  th e  in f lu e n c e  o f  m a g n e s iu m - lim it a t io n  o n  th e  fe r m e n ta t iv e  
c a p a c it y  o f  th e  o rg a n is m .
b) T o  in v e s t ig a te  th e  p h y s io lo g ic a l  states o f  S. ce rev is ia e  o v e r  a ra n g e  o f  g ro w th  
ra te s  u s in g  a  m a g n e s iu m - lim ite d  c h e m o s ta t  a n d  c o m p a r e  the re s u lts  to  th o se  e s ta b lis h e d  
w ith in  b a tc h  c u ltu re .
c )  T o  s tu d y  th e  m e ta b o lic  b e h a v io u r  o f  S. c e rev is ia e  w h e n  re le a s e d  f r o m  
m a g n e s iu m - lim it a t io n  w ith  e s p e c ia l re g a rd  to  th e  in f lu e n c e  o f  re g u la to r y  p h e n o m e n a  




2.1 .1 . F erm en ter S et-u p
F e rm e n ta t io n s  w e re  c a r r ie d  o u t  in  fo u r , 2 - lit re  L i f e  S c ie n c e  L a b o r a t o r ie s  
b io r e a c to rs  ( M o d e l  L M 2 S )  o p e ra te d  at a w o r k in g  v o lu m e  o f  1 lit re . T h e  v e s s e ls  w e re  
p ro d u c e d  in  b o ro s i lic a t e  g la s s  w ith  a h e m is p h e r ic a l b ase  an d  an e x te rn a l ja c k e t  
c o n n e c te d  to a c ir c u la t in g , t h e r m o s ta t ic a lly - c o n t r o lle d  w a te r-b a th  ( L S L  L t d . ,  198 5 ).
T e m p e r a t u r e  in  the v e sse l w a s  c o n t ro lle d  b y  a m ic r o p ro c e s s o r - b a s e d  c o n t r o lle r  
that m o n ito r e d  the te m p e ra tu re  o f  the c u ltu re  b y  m e a n s  o f  a  fa c t o ry - c a lib ra te d  
th e rm is t o r  lo c a te d  w ith in  a b lin d  p o c k e t  o n  the v e s s e l's  s ta in le s s  s te e l h e a d -p la te . T h e  
te m p e ra tu re  o f  the c u ltu re  w a s  p e r io d ic a l ly  c h e c k e d  u s in g  a  s ta n d a rd  m e rc u ry  
th e rm o m e te r  p la c e d  in  the b lin d  p o c k e t . N o  d is c re p a n c ie s  w e re  e v e r  o b s e rv e d . S e t-  
p o in t  f o r  a ll  fe rm e n ta t io n s  w a s  3 0 ° C  +/- 0 . 1 ° C .
S t ir r in g  o f  the c u ltu re  w a s  b y  to p - d r iv e  a g ita t io n  w ith  the s h a ft  p a s s in g  th ro u g h  
the h e a d -p la te  b y  w a y  o f  a s e a le d  m e c h a n is m  th at c a r r ie d  th e  d e ta c h a b le  d r iv e  m o to r .  
T w o ,  4 - b la d e d  tu rb in e s  w e re  m o u n te d  o n  the s h a ft  at the 0 .3 3  a n d  0 .6 6  lit re  m a rk s  to  
e n s u re  m a x im u m  p o s s ib le  m ix in g .  M e a s u r e m e n t  a n d  c o n tro l o f  s t ir r in g  w e re  th ro u g h  a 
ta c h o m e tr ic  s e n s o r  m o u n te d  in  the h e a d  o f  the d r iv e  m o to r . S e t - p o in t  f o r  a ll 
fe rm e n ta t io n s  w a s  2 5 0 rp m  +/- l r p m .
A e r a t io n  o f  the c u ltu re  w a s  m a n a g e d  n o t b y  a fe e d b a c k  sy s te m  b u t b y  m a n u a lly  
a d ju s t in g  the a ir - f lo w  c o n t r o l le r  th a t m e a s u re d  a n d  re s tr ic te d  the f lo w  o f  a ir  f r o m  the a ir  
p u m p , lo c a te d  in  the m a in  c o n t ro l c a b in e t , to the v e s s e l. T h e  a ir  w a s  a lw a y s  p asse d  
th ro u g h  a 0 .2 2  m ic r o n  f i l t e r  im m e d ia t e ly  p r io r  to  e n te r in g  th e  v e s s e l.  A e r a t io n  f lo w -  
rates w e re  se t to  s u p p ly  e x c e s s  a ir  to  th e  c u ltu re , u s u a lly  at a m a x im u m  o f  2 .5 v / v / m in .
V e s s e ls  w e re  d e - io n iz e d  as d e ta ile d  in  A p p e n d ix  4 . T h e  d e io n iz a t io n  p ro c e s s  u sed  
has b e e n  fo u n d  to be s u f f ic ie n t  ( S e i le r ,  1990) a lth o u g h  b e c a u s e  m a g n e s iu m  is  h ig h ly  
u b iq u it o u s , it  is  th o u g h t th at d u s t p a r t ic le s  m a y  be a s o u rc e  o f  c o n ta m in a t io n  (S a n s o n i  
an d  Iy e n g a r , 19 8 0 ; c ite d  b y  S e i le r ,  1 9 9 0 ). S u b s e q u e n t  s t e r il iz a t io n  o f  the s e a le d , e m p ty
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v e s s e ls  w a s  c a r r ie d  o u t b y  a u t o c la v in g  at 1 2 1 ° C , 1 5 p s i f o r  15 m in u te s  w ith  a 'fre e ste a m ' 
t im e  o f  10 m in u te s  at the 1 0 0 ° C  m a rk . T h is  p ro c e d u re  w a s a ls o  f o l lo w e d  f o r  m e d iu m  
s t e r il iz a t io n . A f t e r  a u t o c la v in g , the v e s s e ls  w e re  re - in te g ra te d  to  the re s t o f  th e  sy s te m  
an d  c o o le d  to  the re q u ire d  o p e ra t in g  te m p e ra tu re .
2.1.2 . M edium  P rep aration
A r t i f ic ia l  c u ltu re  m e d ia  h a v e  a lre a d y  b e e n  d e v e lo p e d  f o r  the s tu d y  o f  yeasts. 
E d in b u r g h  M in im a l  M e d iu m  N ° .3  ( E M M 3 )  w a s  c h o s e n  as the s ta r t in g -p o in t  f o r  these  
s tu d ie s  as it  has b een  u se d  e x te n s iv e ly  f o r  w o r k  w ith  S ch izo sa cch a ro m yces p o m b e  
(F a n te s  &  N u r s e , 1 9 7 7 ). H o w e v e r ,  the  o r ig in a l m e d iu m , E M M 2 ,  w a s  d e s ig n e d  fo r  
p ro p a g a t io n  s tu d ie s  ( M it c h is o n ,  1977) w h ils t  the s tu d ie s  h e re  fo c u s  m o re  o n  re s p iro -  
fe rm e n ta t iv e  m e ta b o lis m . T h e r e fo r e  th e  s ta r t in g - le v e l o f  g lu c o s e  w a s  in c re a s e d  fro m  
the r e c o m m e n d e d  0. l% w / v  to 2 .5 % w /v . T h is  e n s u re d  that fe rm e n ta t iv e  m e ta b o lis m  
o c c u rre d  b e c a u se  o f  the C ra b t re e  E f f e c t ,  as it  w a s  fe lt  th at the s tu d ie s  w o u ld  b e  h in d e re d  
b y  im p o s in g  s t r ic t ly  a n a e ro b ic  c o n d it io n s  ( T y a g i ,  1984).
A n a la r - g r a d e  re a g e n ts  w e re  u se d  th ro u g h o u t , as w a s 18 M e g a O h m  (u ltra -p u re )  
w a te r  th at h a d  b e e n  p asse d  th ro u g h  a 0 .2 2  m ic r o n  f ilte r .  S t o c k  s o lu t io n s  o f  the m a jo r  
c o n s t itu e n ts  w e re  m a d e  u p  v o lu m e t r ic a l ly  a n d  th e  n e c e s s a ry  v o lu m e  o f  e a ch  a d d e d  to a
5 - lit re , g r a d e - A  v o lu m e t r ic  f la s k ,  w h ic h  w a s  th e n  m a d e  up  to  th e  m a rk . D e t a i ls  are  
g iv e n  in  T a b le  2.1 b e lo w .
Table 2.1: Procedure for the preparation of modified Edinburgh Minimal Media.
C o n s t itu e n t S to c k  S o lu t io n D ilu t io n s M e d iu m  L ev e ls
(F orm u lae) (G rains o f  con stitu en t added (L itres o f  s tock  so lu tion (R esu ltan t con cen tration  o f
to litres o f  w ater) add ed  to 5L  v o lu m etr ic  flask ) con stitu en ts)
G lu c o se 125 g  in 0 .5  L 0 .5  L 25  g /L
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N itr o g e n
N H  ,C1
25  g in 0 .2 5  L 0 .2 5  L 5 g /L
P h o sp h a te
N a ^ H P O ,
071 g in 2 L 0 .2  L 1 .42  g/L
M a g n e s iu m
MgCl~>.6 11 ^ 0
2 0 . 3 g i n  1 L
lOOmM M g sto c k  so lu tio n *
N on e  add ed  at tin's s ta g e B asa l con tam in ation
S a lts x g  sp e c if ie d  sa lt in 2  L 0 .2  L x g /L
K C s H ^ O j 153 g 3 .0 6  g/L
r a ( ’l- ,.2 H 7 () 0 .5  g 0 .01  g/L
KC1 5 0  g 1 g /L
N a ^ S O j 15 g 0 .3  g /L
T r a c e  E le m e n ts x g  sp ec ifie d  trace in 1 L 0 .0 5  L x g /L
H ,B O , 0 .0 5  g 0 .0 0 0 5  g /L
M n S O j.H 'jO 0 .0 4  g 0 .0 0 0 4  g /L
Z n S ( ) j .7 H ? 0 0 .0 4  g 0 .0 0 0 4  g /L
F e O -* .6 H ^ () 0 .0 2  g 0 .0 0 0 2  g /L
0 .0 1 6  g 0 .0 0 0 1 6  g /L
KI 0 .01  g 0 .0 0 0 1  g /L
C u S O J .5H '> 0 0 .0 0 4  g 0 .0 0 0 0 4  g /L
(7‘itric A cid 0.1 g 0 .001  g /L
V ita m in s x g  sp ec ifie d  v itam in  in  0 .5  L 0 .0 0 5  L x g /L
Inosito l 5 g 0.01 g/L
N ic o tin ic  A cid 5 g 0.01 g/L
Ca P an toth enate 0 .5  g 0 .001  g /L
B iotin 0 .0 0 5  g 0 .0 0 0 0 1  g /L
* R e f e r  to  A p p e n d ix  5.
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S t e r il it y  w a s  a c h ie v e d  b y  a u t o c la v in g  the s p e c if ie d  v o lu m e s  o f  the s to c k  s o lu t io n s  
a n d  a l lo w in g  th e m  to c o o l  b e fo re  c o m b in in g  v o lu m e t r ic a l ly ,  th u s  e n s u r in g  n o  a d v e rs e  
re a c t io n s  su ch  as p re c ip ita t io n  o r  c a r a m e liz a t io n  o c c u rre d . T h e  v ita m in  s to c k  s o lu t io n  
w a s n o t a u to c la v e d  b u t  in ste a d  p a sse d  th ro u g h  a 0 .2 2  m ic r o n  f ilte r .  T h e  5 - lit re  
v o lu m e t r ic  w a s  s t e r il iz e d  b y  r in s in g  w ith  5 0 m l o f  70%  v A  e th a n o l f o r  at le a s t 3 0  
m in u te s  b e fo re  u se  w ith  a  r in s e  o f  1 0 0 m l o f  a u to c la v e d , u ltra -p u re  w a te r  to  re m o v e  a n y  
re s id u a l e th a n o l. A l l  o th e r  g la s s w a re  w a s  s im i la r ly  treated  i f  u n s u ita b le  f o r  a u t o c la v in g ,  
w ith  the e x c e p t io n  o f  the B ijo u  b o tt le s  u se d  te m p o r a r ily  to h o ld  s a m p le s . T h e s e  w e re  
s te r il iz e d  b y  p la c in g  in  a 1 6 0 ° C  o v e n  f o r  16 h o u rs . P la s t ic  E p p e n d o r f  m ic r o - c e n t r ifu g e  
tu b e s  w e re  s t e r il iz e d  b y  a u t o c la v in g  as a b o v e , as w e re  n o rm a l c e n t r ifu g e  tu b e s.
O n e - lit r e  v o lu m e s  o f  the m e d iu m  w e re  d isp e n s e d  a s e p t ic a lly  in to  the c o o le d  
v e s s e ls  an d  a fu r th e r  e q u il ib r a t io n  t im e  o f  2  h o u rs  a llo w e d  d u r in g  w h ic h  t im e  a e ra tio n  
w a s  set at m a x im u m  to sa tu rate  the fe rm e n te rs  p r io r  to in o c u la t io n .  A e r a t io n  w as  
a lw a y s  tu rn e d  o f f  im m e d ia t e ly  p r io r  to in o c u la t io n .  A t  th is  p o in t , s p e c if ic  v o lu m e s  o f  
the s te r ile  m a g n e s iu m  s to c k  s o lu t io n  w e re  a d d e d  a s e p t ic a lly  to  the v e s s e ls  to set the  
m a g n e s iu m  c o n c e n tra t io n s  at the d e s ire d  test le v e ls .  T h e  r e m a in in g  litre  o f  m e d iu m  
w a s  u sed  b o th  f o r  a n a ly t ic a l p u rp o s e s  a n d  as c u ltu re  m e d iu m  f o r  the in o c u lu m  as 
re q u ire d .
2.1 .3 . Inoculum
T h e  y e a st e m p lo y e d  in  a ll  e x p e r im e n ts  w a s  an  in d u s tr ia l s tra in  o f  S a cch arom yces  
cercv is ia c  ( M e y e n  e x - H a n s e n , 1883; Je n s e n , 1990) c o n f o r m in g  to the u su a l 
c h a ra c te r is t ic s  o f  b a k e r 's  y e a s t  as p r o v id e d  b y  M a u r i  P r o d u c ts  L im it e d  to B r it is h  
P e tro le u m 's  C h e m ic a l  D iv is io n  ( H u l l  W o r k s ) .  T h e  y e a s t  w a s  o r ig in a l ly  s u p p lie d  to  the  
H u l l  W o r k s  as a l K g  b lo c k  o f  c o m p re s s e d  w e t ye a st , f r o m  w h ic h  a p u re  c u ltu re  fo r  
th ese  e x p e r im e n ts  w a s  o b ta in e d  as fo l lo w s :  a s a m p le  ta k e n  f r o m  the ce n tre  o f  the b lo c k ,  
u s in g  a s te r ile  w ire  lo o p ,  w a s  s tre a k e d  o n to  a  S a b o u ra u d  D e x tr o s e  A g a r  ( S D A )  p la te , 
w h ic h  w a s  then  in c u b a te d  o v e r n ig h t  at 3 0 ° C .  A  lo o p f u l  ta k e n  f r o m  a s in g le  c o lo n y  on  
the S D A  p la te  w a s  th e n  s tre a k e d  o n to  a  W a l le r s t e in  L a b o r a t o r ie s  N u tr ie n t  ( W L N )  a g a r
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p la te  c o n t a in in g  0 .0 0 4 g / L  A c t id io n e  (a .k .a . C y c lo h e x a m id e ) .  A f t e r  in c u b a t io n , c e l ls  
f r o m  a s in g le  w h ite  c o lo n y  o n  the W L N  p la te  w e re  th en  s u b - c u ltu re d  o n to  1 0 m l S D A  
s lo p e s  w ith in  U n iv e r s a l  b o tt le s  a n d  in c u b a te d  at 3 0 ° C  f o r  2 4  h o u rs , b e fo re  s to r in g  at 
4 ° C  f o r  a m a x im u m  o f  ten  d a y s  b e fo re  re p e a tin g  the s u b -c u ltu re .
T o  g e n e ra te  a s u ita b le  in o c u lu m  f o r  the v e s s e ls , the  f o l lo w in g  p ro c e d u re  w a s  
e x e c u te d  in  d u p lic a te :  1 0 m l o f  s te r ile  w a te r  w e re  a d d e d  to  an  S D A  s lo p e  o f  the y e a st to  
p ro d u c e  a c e l l  s u s p e n s io n , w h ic h  w a s  a s e p t ic a lly  tra n s fe rre d  to  1 0 0 m l o f  m e d iu m ,  
k n o w n  as the p r im a r y  in o c u lu m , c o n ta in e d  in  a s c re w -to p  f la s k . T h is  f la s k  w a s  
in c u b a te d  in  an  o rb ita l s h a k e r  f o r  12 h o u rs  at 3 0 ° C ,  1 8 0 rp m , w h e re u p o n  the e n t ire  
c o n te n ts  w e re  a d d e d  to 4 0 0 m l o f  fre s h  m e d iu m , k n o w n  as the s e c o n d a ry  in o c u lu m ,  
c o n ta in e d  in  a s e c o n d  s c re w -to p  f la s k  th at w a s  in c u b a te d  as a b o v e  f o r  10 h o u rs  b e fo re  
c e l l  h a rv e s t in g . T h e  5 0 0 m l o f  s e c o n d a r y  in o c u lu m  w a s  d iv id e d  in to  1 0 0 m l v o lu m e s  
that w e re  in d iv id u a l ly  c e n tr ifu g e d  at 4 0 0 0 rp m  f o r  10 m in u te s . T h e  c e l l  p e lle t  w a s  re ­
s u s p e n d e d  in  2 0 m l o f  s te r ile  w a te r  - p re -w a rm e d  to  3 0 ° C  - an d  sh a k e n  v ig o r o u s ly  
b e fo re  b e in g  re -c e n t r ifu g e d . A  s e c o n d  re -s u s p e n s io n  in  2 0 m l o f  p re -w a rm e d  m e d ia  
p r o v id e d  the in o c u lu m  f o r  the m a in  fe r m e n t in g  v e s s e ls . T h i s  p ro c e d u re  e n s u re d  the  
re m o v a l o f  in te rs t it ia l a n d  lo o s e ly - b o u n d  s u rfa c e  m a g n e s iu m .
T h e  m a g n e s iu m  le v e ls  o f  b o th  the p r im a ry  a n d  s e c o n d a r y  in o c u la  w e re  k e p t  
e q u a l, w ith  th e ir  a b s o lu te  v a lu e s  b e in g  d e te rm in e d  b y  th e  n a tu re  o f  the e x p e r im e n t . F o r  
the p r e l im in a r y  b a tc h  e x p e r im e n ts  the m a g n e s iu m  le v e ls  w e re  k e p t  in  e s t im a te d  e x c e s s  
o f  the y e a st's  re q u ire m e n ts  at 2 m M .
2.1 .4 . S am p lin g  R egim e
P r e - in o c u la t io n  a n d  p o s t - in o c u la t io n  s a m p le s  w e re  a lw a y s  ta k e n  to  c h e c k  the  
a ctu a l s ta rt in g  m a g n e s iu m  le v e ls , a lth o u g h  o th e r  p a ra m e te rs  w e re  a ls o  c h e c k e d . T w o  
3 m l s a m p le s  w e re  n o r m a lly  ta k e n  e v e r y  4  h o u rs  b y  w a y  o f  a 5 m l s te r ile  p la s t ic  s y r in g e .  
T h is  w a s  a tta ch e d  to a th re e -w a y  n o n -re tu rn  v a lv e  c o n n e c te d  to  th e  s a m p lin g  p o rt  o f  the  
v e s s e l. T h e  f ir s t  5 m l e x tra c te d  w e re  d is c a rd e d  to  e n s u re  s a m p lin g  f r o m  w ith in  the b u lk  
o f  the m e d iu m  a n d  n o t  f r o m  w ith in  th e  s ta n d -p ip e  o f  the s a m p lin g  p o rt. E a c h  s a m p le
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w a s tra n s fe rre d  to  a  c le a n , s te r ile  B i j o u  b o ttle  f r o m  w h ic h  a 2 m l v o lu m e  w a s  m e a s u re d  
in to  a c le a n , s te r ile  E p p e n d o i f  tu b e  a n d  m ic r o - c e n t r ifu g e d  at 1 3 ,0 0 0 rp m  f o r  3 m in u te s ,  
w h e re u p o n  the su p e rn a ta n t w a s  d e c a n te d  o f f  the  c e l l  p e lle t  in to  a  f re s h  E p p e n d o i f  an d  
f r o z e n  to a w a it  a n a ly s is . T h is  c e l l  p e lle t  w a s  d is c a rd e d . T h e  B ijo u  b o tt le  w a s  se a le d  
and  the re m a in in g  I m l o f  s a m p le  u ltra -s o n ic a te d  f o r  4  m in u te s  to se p a ra te  a n y  c e ll  
c lu m p s  b e fo re  c e l l  n u m b e r  d e te rm in a t io n . T h e  a b o v e  p ro c e d u re  s u p p lie d  a d e q u a te  
a m o u n ts  o f  test m a te r ia l f o r  m o s t  o f  the a n a ly s e s , w ith  the e x c e p t io n  o f  d ry  w e ig h t  
d e te rm in a t io n s  ( s e c t io n  2 .3 .3 )  w h ic h  re q u ire d  tw o , 1 0 m l s a m p le s  to  b e  d ra w n  
s e p a ra te ly . T h is  d r ie d  c e l l  p e lle t  w a s  th e n  u se d  f o r  c e l lu la r  m a g n e s iu m  d e te rm in a t io n s , 
( s e c t io n  2 .3 .9 ) .
2.2. Continuous Fermentations
2.2.1 . C h em ostat Set-u p
A  c h e m o s ta t  w a s  set u p  b y  a d a p tin g  the L S L  b io re a c to rs  to c o n t in u o u s  c u ltu re  as 
s h o w n  in  F ig u r e  2 .1  b e lo w . T h e  c h e m o s ta t  is  a  h o m o g e n e o u s  s in g le -s ta g e  s t irre d  
fe rm e n te r  a c c o r d in g  to  H e r b e r t  (1 9 6 4 )  a n d  h a d  an o p e ra t in g  v o lu m e  o f  8 0 0 m l as 
m a in ta in e d  b y  a p u m p in g - o u t  m e c h a n is m  ( B r o w n , 199 0 ).
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Figure 2.1: Schematic diagram of the chemostat used during continuous 
fermentations
A e r a t io n  le v e ls  w e re  c o n t r o lle d  as fo r  the b a tc h  s y s te m  a lth o u g h  a p C b  p ro b e  w a s  
in se rte d  th ro u g h  the h e a d -p la te  to m o n it o r  d is s o lv e d  o x y g e n  le v e ls .  T h e  d if f ic u l t ie s  o f  
o b ta in in g  c o m p le te  e x c lu s io n  o f  o x y g e n  d u r in g  a n a e ro b ic  c h e m o s ta t  s tu d ie s  an d  the  
a s s o c ia te d  c o m p lic a t io n s  o f  a r t i f ic ia l ly  m e e tin g  th e  y e a sts  s te ro l re q u ire m e n ts  w e re  
v ie w e d  as ju s t i f ic a t io n  f o r  c a r r y in g  o u t  s e lf - re g u la t in g , m ic r o - a e r o p h i l ic  s tu d ie s . 
F e rm e n t a t io n  u n d e r  a e ro b ic ,  g lu c o s e -re p re s s e d  c o n d it io n s  is  as e f fe c t iv e  as u n d e r  
a n a e ro b ic  c o n d it io n s  ( S c h a tz m a n n , 1975; c ite d  b y  F ie c h t e r  e t a l . , 1 9 8 1 ).
O r ig in a l ly ,  an O 2 e le c tro d e  w a s  se t-u p  in  a  m a n n e r  a n a lo g o u s  to  the f lo w - th r o u g h  
cu v e tte ; u n fo r tu n a te ly  th is  c a u s e d  to o  m a n y  p r o b le m s  an d  w a s  a b a n d o n e d , th e  o p t io n  
b e in g  to tra n s fe r  a q u a n t ity  o f  th e  c u ltu re  to the e le c tro d e  at p e rt in e n t  t im e s  (se c t io n  
2 .3 .7 ) .
S t e r i l i t y  w a s a c h ie v e d  b y  a u t o c la v in g  the se p a ra te  p arts  as d e s c r ib e d  f o r  the b a tch  
fe rm e n ta t io n s .
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2.2.2. Medium Preparation
M e d iu m  p re p a ra t io n  w a s  as d e s c r ib e d  f o r  the b a tch  fe r m e n ta t io n s  w ith  the  
f o l lo w in g  a d a p ta t io n s : 1) T h e  m a g n e s iu m  w a s  a d d e d  to  the m e d iu m  w ith in  the 5 - lit re  
v o lu m e t r ic  (e x c e p t w h e re  in d ic a te d  o th e rw is e  in  in d iv id u a l  e x p e r im e n ts )  p r io r  to  
m a k in g  u p  to the m a rk  in  o rd e r  to m in im iz e  th e  r is k  o f  c o n ta m in a t io n  a n d  2) the 5 litre s  
o f  fre s h  m e d iu m  w e re  in tro d u c e d  to  th e  m a in  r e s e r v o ir  th ro u g h  a  S a r to t iu s  m e m b ra n e -  
f i l t e r  ( M o d e l S M I 6 2 7 5 )  c o m p r is in g  a c o a rs e  p r e - f i lte r  a n d  a 0 .2 2  m ic r o n  
m ic r o b io lo g ic a l  f i lte r .
2.2.3. Inoculum
T h e  in o c u lu m  w a s  p re p a re d  ( in  d u p lic a te )  u s in g  1 0 m l o f  m e d iu m  to  cre a te  a c e l l  
s u s p e n s io n  u sed  to in o c u la te  a  s c re w -to p  f la s k  c o n ta in in g  9 0 m l o f  m e d iu m . T h is  f la s k  
w a s th e n  in c u b a te d  in  an  o rb ita l- s h a k e r  f o r  12 h o u rs  at 3 0 ° C ,  1 8 0 rp m  b e fo re  its  
c o n te n ts  w e re  tra n s fe rre d  d ir e c t ly  to  th e  c h e m o s ta t . T h e  in o c u la t e d  c h e m o s ta t  w a s  
a llo w e d  to ru n  in  b a tch  m o d e  u n til the c e l ls  re a c h e d  the la te  e x p o n e n t ia l p h a se  as 
d e te rm in e d  b y  c h a n g e s  in  o p t ic a l d e n s ity  a n d  c h a n g e s  in  c e l l  d e n s ity . T h is  to o k  
a p p r o x im a te ly  9 h o u rs , w h e re u p o n  the in f lu x  p u m p s  and  e f f lu x  p u m p  w e re  started  at 
th e ir  lo w e s t  rate to in it ia te  a  c o n t in u o u s  c u ltu re ,  w h ic h  w a s then  p e rm itte d  to  s ta b iliz e  
f o r  a m in im u m  o f  f o u r  c h e m o s ta t  v o lu m e s  b e fo re  a n y  s a m p lin g .
2.2.4. Sampling Regime
S a m p le s  w e re  p h y s ic a l ly  re m o v e d  f r o m  the c h e m o s ta t  a c c o r d in g  to  the  
m e t h o d o lo g y  d e s c r ib e d  f o r  b a tch  fe rm e n ta t io n s  ( s e c t io n  2 .1 .4 ) . T h e  n o r m a l s a m p lin g  
re g im e  w a s  to r e m o v e  a s a m p le  o f  a  g iv e n  d ilu t io n  ra te , r e - e q u il ib r a te  f o r  f o u r  
c h e m o s ta t  v o lu m e s , a n d  th en  re -s a m p le , a fte r  w h ic h  the d ilu t io n  rate  w a s  a lte re d . 
H o w e v e r ,  p u ls in g  a n d  s p ik in g  e x p e r im e n ts  h a d  s l ig h t ly  d if fe r e n t  r e g im e s  d e ta ile d  in  
th e ir  re s p e c t iv e  c h a p te rs . P r o c e s s in g  o f  s a m p le s  w a s  id e n t ic a l to  b a tc h  fe rm e n ta t io n s  
w ith  th e  e x c e p t io n  o f  an  e x tra  3 m l v o lu m e  ta k e n  f o r  the O 2 e le c tro d e . T h e  m ix in g  
v e s s e l p ro v id e d  b a s e lin e  sa m p le s .
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2.3. Analyses
A  ra n g e  o f  a n a ly t ic a l m e th o d o lo g ie s  w a s  a p p lie d  th ro u g h o u t  the th re e  ty p e s  o f  
s tu d ie s , a ll  o f  w h ic h  are  s p e c if ie d  b e lo w . T h e  s p e c if ic  c o m b in a t io n s  u se d  f o r  in d iv id u a l  
e x p e r im e n ts  are  d e ta ile d  in  th e  re le v a n t  s e c t io n s  as are a n y  d e v ia t io n s  f r o m  th ese  
n o rm a l p ro c e d u re s . A l l  g la s s w a re  u se d  in  the p re p a ra t io n  o f  s ta n d a rd s  w a s  G r a d e - A  
an d  had  b een  r in s e d  in  u ltra -p u re  w a te r  b e fo re  u se , o r  w h e re  n e c e s s a ry  d e - io n iz e d  b y  
the p ro c e d u re  d e ta ile d  in  A p p e n d ix  4 . A n a la r  o r  H P L C - g r a d e  re a g e n ts  w e re  u se d  in  the  
p re p a ra t io n  o f  a ll  s ta n d a rd s  a n d  test s o lu t io n s .
2.3.1. Cell Numbers
C e l l  n u m b e rs  w e re  d e te rm in e d  u s in g  a M o d e l  D : In d u s tr ia l C o u lt e r  C o u n t e r  
( C .C . ) .  C a l ib r a t io n  o f  the C . C .  w a s  c a r r ie d  o u t p r io r  to a n y  g iv e n  e x p e r im e n t . T h e  
a c c u ra c y  o f  the C . C .  w a s  c h e c k e d  u s in g  a N e u b a u r  h a e m o c y t o m e te r  ( W e b e r  B S  7 4 8 )  in  
c o n ju n c t io n  w ith  a  p h a s e -c o n tra s t  m ic r o s c o p e . T h e  tw o  m e th o d s  w e re  in  g o o d  
a g re e m e n t e x c e p t  d u r in g  the e a r ly  to  m id - e x p o n e n t ia l  p h a se  o f  g ro w th  w h e n  it  w a s  
fo u n d  that an u n d e rc o u n t in g  o f  to ta l n u m b e rs  o c c u re d  w ith  the C . C .  d u e  to  c e l l  
a g g re g a t io n . T o  m in im iz e  th is  e f fe c t , s a m p le s  w e re  u ltra -s o n ic a te d  in  a  C a m la b  T r a n s ­
s o n ic  s o n ic a t in g  w a te r-b a th  ( M o d e l T 3 1 0 )  b e fo re  d ilu t io n , to  e n s u re  a d e q u a te  d is p e rs a l 
o f  the c lu m p s . S ta n d a rd  p ro c e d u re  in v o lv e d  s o n ic a t in g  the l m l  s a m p le  f o r  f o u r  
m in u te s , d ilu t in g  a s u ita b le  v o lu m e  in to  2 0 m l Iso to n  2 and  c a r r y in g  o u t  a  c o u n t  u s in g  a  
1 ()0|uM o r if ic e - d ia m e t e r  p ro b e . D i lu t io n s  e n s u re d  that c o u n ts  la y  w ith in  the C .C . 's  
o p t im u m  ra n g e  o f  5 x  10^ - 2 .8  x  10^ c o u n ts .
2.3.2. Size Distribution
S iz e  d is t r ib u t io n s  o f  the c e l l  p o p u la t io n  w e re  a lso  a s c e rta in e d  u s in g  the C . C .  
f o l lo w in g  e s ta b lis h e d  m e th o d o lo g y  (Jo h n s , 1 9 8 7 ). M e a n  c e l l  v o lu m e s  (m .c .v .'s )  w e re  
c a lc u la t e d  fro m  the ra w  data.
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2.3.3. Dry Weight
E s t a b lis h e d  m e th o d o lo g ie s  w e re  u se d  as th e  s ta rt in g  p o in t  f o r  d r y  w e ig h t  
d e te r m in a t io n s . H o w e v e r ,  s e v e ra l a d a p ta t io n s  w e re  im p le m e n te d  w ith  th e  re s u lt in g  
p r o c e d u r e  b e in g  a s  f o llo w s :
T w o ,  1 0 m l v o lu m e t r ic  f la s k s  f i l le d  w ith  s a m p le s  ta k e n  f r o m  th e  fe r m e n te r  w e re  
e m p t ie d  in to  tw o , p re - w e ig h e d  a n d  p re - la b e l le d , c e n t r ifu g e  tu b e s  a lo n g  w ith  1m l  
w a s h in g s . T h e  tu b e s  w e re  c e n tr ifu g e d  at 4 0 0 0 r p m  fo r  10 m in u te s , w h e re u p o n  th e  
su p e rn a ta n t  w a s  d e c a n te d  o f f  a n d  th e  c e l l  p e lle t  re s u s p e n d e d  in  10m l u lt ra -p u re  w a te r  
b e fo re  b e in g  re - c e n t r ifu g e d . A f t e r  d e c a n t in g  o f  th e  w a s h in g , th e  c e l l  p e lle t s  w ith in  the  
tu b e s  w e re  a ir - d r ie d  at 5 0 ° C  f o r  4 8  h o u rs  b e fo re  c o o l in g  in  a  d e s s ic a to r  f o r  o n e  h o u r  
im m e d ia t e ly  b e fo re  w e ig h in g  o n  a  fo u r - p la c e  d e c im a l b a la n c e .
W h e r e  p o s s ib le ,  th is  p r o c e d u r e  w a s  e x e c u te d  u s in g  5 0 m l s a m p le s  as m e a s u re d  
v o lu m e t r ic a l ly .
2.3.4. Ethanol
A  P e r k in - E lm e r  G a s  C h r o m a to g r a p h  ( G C  8 3 1 0 )  w a s  u s e d  in  c o n ju n c t io n  w ith  a  
'P o ro p a q  Q '  p a c k e d  c o lu m n  to  m e a s u re  th e  e th a n o l c o n c e n tra t io n  o f  th e  fe rm e n te d  
m e d iu m . T h e  te c h n iq u e  is  w e l l  e s ta b lis h e d  w ith  th e  s p e c i f ic  m e t h o d o lo g y  u se d  as 
d e ta ile d  in  A p p e n d ix  1. T h e  F la m e  I o n iz a t io n  D e t e c t o r  ( F I D )  w a s  c a lib ra te d  b y  
e s ta b lis h in g  re s p o n s e  fa c to rs  f o r  th e  in te rn a l sta n d a rd  ( I s o -p ro p a n o l)  a n d  th e  a n a ly te  
( E t h a n o l)  r e la t iv e  to  H e p ta n e , th e  r e c o g n iz e d  in d u s t r ia l s ta n d a rd  ( T h o r n e ,  1 9 8 8 ), w ith  
N o n a n e  s e r v in g  as a s o lv e n t  w h o s e  re te n t io n  t im e  w a s  g re a te r  th a n  th e se  c o m p o u n d s .  A  
s e r ie s  o f  test s o lu t io n s  c o n ta in in g  th e  in te rn a l s ta n d a rd  a n d  a n a ly te  w a s  u s e d  to  c h e c k  
a c c u r a c y , re te n t io n  t im e s  a n d  th e  l in e a r  ra n g e .
2.3.5. Glucose
A  B io - R a d  H P L C  p u m p  ( M o d e l  1 3 3 0 ) w a s  u s e d  in  c o n ju n c t io n  w ith  a  B io - R a d  
c o lu m n  ( A m in e x  Io n  E x c lu s io n  H P X - 8 7 H  f o r  O r g a n ic  A c id s )  a n d  B io - R a d  R e f r a c t iv e  
In d e x  d e te c to r  f o r  th e  s e p a ra tio n  a n d  d e te c t io n  o f  fe r m e n ta b le  s u g a rs  a n d  fe r m e n ta t io n
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p ro d u c ts . O p e ra t in g  c o n d it io n s  are  s p e c if ie d  in  A p p e n d ix  2. C a l ib r a t io n  o f  the  
R e fr a c t iv e  In d e x  (R I)  d e te c to r  w a s  m a d e  u s in g  tw o  s o lu t io n s  o f  e x te rn a l s ta n d a rd s  
c o n ta in in g  the c o m p o u n d s  o f  in te re s t to  g e n e ra te  an e x te rn a l s ta n d a rd s  f i le  re fe re n c e d  
b y  the c o m p u te r  o n  a ll s u b s e q u e n t ru n s . T h e  f ir s t  s o lu t io n  w a s  at 0 .1 % w / v  an d  the  
s e c o n d  at 0.2% w /v.
2.3.6. pH
N o  s u ita b le  p H  p ro b e  w a s  a v a ila b le  d u r in g  the b a tch  fe rm e n ta t io n s  a n d  th e re fo re  
o n ly  the in it ia l  an d  f in a l  p H 's  c o u ld  be m e a s u re d . T h e s e  w e re  m e a s u re d  u s in g  a  
C o r n in g  4 0 0  S e r ie s  p H  m e te r  c a lib ra te d  to tw o  sta n d a rd  s o lu t io n s , p H  = 4  a n d  p H  = 7.
2.3.7. O2 Uptake
A  R a n k  B ro th e rs  d is s o lv e d  o x y g e n  e le c tro d e  sy s te m  w a s  u se d  to m e a s u re  the  
o x y g e n  u p ta k e  rate  o f  the e n t ire  c e l l  p o p u la t io n  as d e ta ile d  b y  J o h n s  (1 9 8 7 ) . T h e  
te m p e ra tu re  o f  the e le c tro d e  w a s  h e ld  c o n s ta n t  at 3 0 ° C  u s in g  an L K B  c ir c u la t in g  w a te r-  
bath  ( M o d e l  2 2 0 9 ).
2.3.8. Magnesium Concentration (Medium)
A  P e r k in - E lm e r  A t o m ic  A b s o r p t io n  S p e c t ro p h o to m e te r  1 1 0 0 B  ( A A S )  p ro v id e d  
a ll m e a s u re m e n ts  o f  m a g n e s iu m . A p p e n d ix  3 d e ta ils  the o p e ra t in g  c o n d it io n s  used  
th ro u g h o u t  as a r r iv e d  at f o l lo w in g  m a n u a l p ro c e d u re . T h e  u se  o f  the h ig h - s e n s it iv ity  
2 8 5 .2 n M  re s o n a n c e  lin e  w a s  fo u n d  to b e  a  d is a d v a n ta g e  as at h ig h e r  m a g n e s iu m  
c o n c e n tra t io n s , d ilu t io n  o f  the s a m p le  w a s  re q u ire d  a n d  th e re fo re  the u se  o f  the le ss-  
s e n s it iv e  2 0 2 .5 n M  lin e  m a y  h a v e  im p r o v e d  the a c c u r a c y  o f  the m e a s u re m e n t  ( S e ile r ,
1990).
C a l ib r a t io n  w a s  c a r r ie d  o u t  u s in g  a s e r ie s  o f  s ta n d a rd s  to  e s ta b lis h  a  s ta n d a rd  
c u rv e , re fe re n c e d  b y  the A A S  s o ftw a re  o n  a ll s u b s e q u e n t  ru n s . S ta n d a rd s  w e re  m a d e  up  
as f o l lo w s :  M g  r ib b o n  had  s u r fa c e  o x id e s  re m o v e d ; a b r a s iv e ly  u s in g  e m e ry  p a p e r  and  
c h e m ic a l ly  u s in g  5 % v/v c o n e . H C 1 . O n e  g ra m  w a s  d is s o lv e d  in  2 0 m l o f  10% v/v
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c o n c e n tra te d  H N O 3 w h e re u p o n  the s o lu t io n  w a s  tra n s fe rre d , w ith  w a s h in g s , to a 1- litre  
v o lu m e t r ic  and  m a d e  u p  to  the m a rk  to  y ie ld  a lO O O p p m  s to c k  s o lu t io n . A  h u n d re d - fo ld  
d ilu t io n  o f  th is  s to c k  s o lu t io n  y ie ld e d  a w o r k in g  s o lu t io n  o f  lO p p m  th at w a s  used  to 
p ro d u c e  a  s e r ie s  o f  s ta n d a rd s  c o v e r in g  the l in e a r  ra n g e  o f  the A A S .
In the d e te c t io n  o f  m a g n e s iu m  u s in g  A A S ,  n o  in te r fe re n c e s  f r o m  s o d iu m , 
p o ta s s iu m , c a lc iu m  o r  p h o s p h a te  a re  o b s e rv e d  ( A l la n ,  1958; B e lc h e r  a n d  B r a y ,  1962; 
M c B r i d e .  1964; S la v in ,  1967 r e s p e c t iv e ly ;  c ite d  b y  S e i le r ,  1 9 9 0 ), h o w e v e r ,  
in te r fe re n c e s  fr o m  h ig h  c o n c e n tra t io n s  o f  a lu m in iu m  o r  s i l ic o n  c a n  o c c u r  ( H u m p h r e y ,  
1965: H a r r is o n  an d  W a d l in ,  1969; c ite d  b y  S e i le r ,  1990) a lth o u g h  it  is  n o t  b e lie v e d  
th ese  e le m e n ts  w e re  p re se n t at s ig n if ic a n t  le v e ls  as A n a la r  re a g e n ts  w e re  used  
th ro u g h o u t.
2.3.9. Magnesium Concentration (Cells)
T h e  d r ie d  c e l l  p e lle ts  f r o m  the d ry  w e ig h t  d e te rm in a t io n s  w e re  re s u sp e n d e d  in  
2m l w a te r  an d  then  h y d r o ly s e d  b y  the a d d it io n  o f  2m l c o n c e n tra te d  s u lp h u r ic  a c id  at 
ro o m  te m p e ra tu re  f o r  2 4  h o u rs  fo l lo w e d  b y  a  10 m in u te  b o i l  to  c o m p le t io n .  T h e  
h y d r o la te s  w e re  tra n s fe rre d  to  2 5 m l v o lu m e tr ie s  w ith  w a s h in g s  a n d  m a d e  u p  to the  
m a rk , w h e re u p o n  the s o lu t io n  w a s  a sp ira te d  d ir e c t ly  in to  the A A S  w h e re  p o s s ib le  o r  
d ilu te d  fu r th e r  w h e re  n o t.
T h e  m a in  a im  o f  s a m p le  p re p a ra t io n  f o r  the A A S  is  to  c re a te  a h o m o g e n o u s  
s o lu t io n  w ith  the re m o v a l o f  the b io lo g ic a l  m a tr ix  b e in g  n e c e s s a ry  to  e n s u re  that the  
v is c o s it y  a n d  s u rfa c e  te n s io n  o f  the s a m p le s  are  as s im ila r  as p o s s ib le  to  the s ta n d a rd s  
u se d  d u r in g  c a lib r a t io n . T h e  a c id  e x tra c t io n  te c h n iq u e  e m p lo y e d  w ith in  th e se  s tu d ie s  
re le a s e s  the m a g n e s iu m  f r o m  its  b in d in g  s ite s  w ith o u t  s ig n if ic a n t ly  a lte r in g  the m a tr ix  
a lth o u g h  th e  o rg a n ic s  m a y  a c t as a  fu e l fo r  the f la m e  ( S e ile r , 1990).
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2.3.10. Specific Gravity
S p e c i f ic  g r a v it y  m e a s u re m e n ts  w e re  ta k e n  at the sta rt an d  e n d  o f  a ll  m o la s s e s  
fe rm e n ta t io n s  u s in g  a  Z e a l  h y d r o m e te r  an d  a 1 0 0 m l m e a s u r in g  c y l in d e r .  'T a p p in g ' an d  
't w ir lin g ' e n s u re d  n o  a ir  b u b b le s  re m a in e d  w ith in  the c y l in d e r .
T h e  f o l lo w in g  te c h n iq u e s  w e re  a p p lie d  s o le ly  to  th e  c h e m o s ta t:
2.3.11. Optical Density
T h e  f lo w - th r o u g h  c u v e tte  p r o v id e d  w ith  the C e c i l  S e r ie s - 2  s p e c tro p h o to m e te r  
( M o d e l  C E  3 7 3 )  w a s  u se d  to  c o n t in u o u s ly  m o n it o r  the o p t ic a l d e n s ity  o f  the c u ltu re  at 
5 4 0 n M .  D a ta  o u tp u t w a s  s to re d  o n  an  L K B  f la t -b e d  c h a rt - re c o rd e r . Z e r o  o p t ic a l  
d e n s ity  w a s set o n  the c ir c u la t in g ,  u n in o c u la te d  m e d iu m .
2.3.12. p02
A n  In g o ld  C D  s e n s o r  ( M o d e l  E-C>2- 12- C H )  c o u p le d  to  a  U n i l in k  O 2 m e te r  
( M o d e l  7 0 3 P )  p r o v id e d  d ata  o n  le v e ls  o f  d is s o lv e d  o x y g e n , w h ic h  w e re  c o n t in u o u s ly  
re c o rd e d  on  an L K B  f la t -b e d  c h a rt- re c o rd e r . C a l ib r a t io n  o f  th e  p ro b e  to o k  p la c e  in  s itu  
a fte r  e q u il ib r a t io n ,  a n d  in v o lv e d  se tt in g  the u p p e r  l im it  o f  100% a ir-s a tu ra t io n  o f  the  
m e d ia  at 3 0 ° C  b y  a e ra tin g  the c h e m o s ta t  f o r  15 m in u te s , f o l lo w e d  b y  se tt in g  the lo w e r  
l im it  o f  0%  a ir-s a tu ra t io n  b y  p u r g in g  the c h e m o s ta t  w ith  n it r o g e n  g a s  f o r  15 m in u te s . 
T h is  p ro c e d u re  w a s  re p e a te d .
2.3.13. pH
A n  In g o ld  p H  p ro b e  ( M o d e l  4 6 5 )  c o n n e c te d  to a W h a tm a n  p H A  2 2 0  m e te r  
p e rm itte d  c o n t in u a l m o n it o r in g  o f  c u ltu re  p H .  C a l ib r a t io n  w a s  m a d e  b e fo re  a u t o c la v in g  
u s in g  th e  tw o  s o lu t io n s  u se d  to  c a lib ra te  th e  C o r n in g  e le c tro d e . T h i s  p e rm itte d  an  
e x te rn a l c h e c k  to e n s u re  n o  lo s s  o f  c a lib r a t io n  h a d  o c c u rre d .
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2.3.14. Extracellular Magnesium Concentration (Feed)
S a m p lin g  f o r  e x t r a c e llu la r  m a g n e s iu m  c o n c e n tra t io n  w a s  id e n t ic a l to  the re g im e  
d e s c r ib e d  f o r  the c h e m o s ta t  (s e c t io n  2 .2 .4 )  w h ils t  a n a ly s is  w a s  as d e s c r ib e d  f o r  m e d iu m  




3.1.1. Magnesium Requirements within Minimal Media
3.1 .1 .1 . Introduction
T h e  lite ra tu re  r e v ie w e d  b y  J o n e s  a n d  G r e e n f ie ld  (1 9 8 4 )  in d ic a te s  a b ro a d  ra n g e  o f  
v a lu e s  f o r  th e  e x o g e n o u s  m a g n e s iu m  re q u ire m e n ts  o f  S. cerev is ia e  a p p l ic a b le  to  m a n y  
ty p e s  o f  c u ltu re  c o n d it io n s .  T h e  d a ta  a v a ila b le  is  n o t  o f  a  d e ta ile d  n a tu re  a n d  is  o f  
l im it e d  u se  in  p re d ic t in g  th e  in f lu e n c e  o f  m e d iu m  m a g n e s iu m  le v e ls  o n  p o p u la t io n  
b e h a v io u r .  T h e  o p t im a l c o n c e n tra t io n s  o f  m a g n e s iu m  [ 2 - 4 m M ]  r e c o m m e n d e d  (Jo n e s  
a n d  G r e e n f ie ld ,  1 984) a p p e a r  to  h a v e  b e e n  d e r iv e d  e m p ir ic a l ly  f r o m  b a tc h  s y s te m s  
a lth o u g h  su b s e q u e n t e x p e r im e n ta l d a ta  f r o m  c o n t in u o u s  c u lt u re  s tu d ie s  c a u s e d  a 
d o w n w a r d  r e v is io n  o f  th e  o p t im u m  le v e ls  to  0 .5 m M  (Jo n e s , 1 9 8 6 ).
E x p e r im e n t s  s tu d y in g  th e  e x o g e n o u s  m a g n e s iu m  re q u ire m e n ts  o f  a c u lt u re  o f  S. 
c e rev is ia e  w ith in  a  b a tc h  m in im a l- m e d iu m  s y s te m  w e re  c a r r ie d  o u t  to  p r o v id e  a 
c h a ra c te r iz a t io n  o f  th e  in f lu e n c e  o f  m a g n e s iu m  o n  th e  g ro w th  a n d  fe r m e n ta t iv e  c a p a c it y  
o f  th e  o rg a n is m  a n d  to  e s ta b lis h  th e  m a g n e s iu m  c o n c e n tra t io n  at w h ic h  g ro w th  b e c o m e s  
l im it e d .  T h i s  c h a ra c te r iz a t io n  w a s  c o n s id e re d  n e c e s s a ry  n o t  o n ly  to  e x te n d  the  
in fo r m a t io n  a v a ila b le  c o n c e r n in g  th e  re s p o n s e s  o f  y e a sts  to  in o r g a n ic  c a t io n s  (R o s e ,
1 9 8 7 ) in  te rm s  o f  u p ta k e  p a tte rn s  a n d  th e ir  a s s o c ia t io n  w ith  o th e r  fe rm e n ta t io n  
p a ra m e te rs  b u t a ls o  as a  w a y  o f  e s ta b lis h in g  th e  o p e ra t in g  ra n g e  f o r  a  m a g n e s iu m -  
l im it e d  c h e m o s ta t . T h e  e s ta b lis h m e n t  o f  p,m a x  a n d  K s is  p re re q u is it e  to  s tu d ie s  in  
c o n t in u o u s  c u lt u re  w h e re  th e y  s e rv e  as re fe re n c e  p o in ts  th at e n a b le  th e  c o m p a r is o n  o f  
e x p e r im e n ta l d a ta  to  th e o re t ic a l c u rv e s .
H e n c e ,  th e  e f fe c t  o f  th e  in it ia l  m a g n e s iu m  c o n c e n tra t io n  w it h in  th e  m e d iu m  o n  
th e  fe r m e n ta t iv e  a n d  re s p ira t iv e  p a ra m e te rs  o f  th e  c e l l  p o p u la t io n  w a s  s tu d ie d  f o r  a 
b ro a d  ra n g e  o f  c o n c e n tra t io n s  in  o rd e r  to  e s ta b lis h  w h e re  g r o w t h - lim it a t io n  a n d  n o n ­
lim it a t io n  o c c u r  as w e l l  as to  d e lin e a te  th e  re le v a n t  m a g n e s iu m  u p ta k e  p a tte rn s .
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3.1 .1 .2 . M ethod
T h e  m e t h o d o lo g y  f o r  th e  fe rm e n te r  se t-u p  is  d e ta ile d  in  s e c t io n  2 .1 .1 ;  th e  m e d iu m  
p re p a ra t io n  in  s e c t io n  2 .1 .2 ; a n d  the in o c u lu m  p re p a ra t io n  in  s e c t io n  2 .1 .3 . w h ils t  the  
p ro c e d u r e  fo r  th e  a n a ly s e s  o f  s a m p le s  is  a v a ila b le  in  s e c t io n  2 .3 .
T h e  in it ia l  m e d iu m  m a g n e s iu m  c o n c e n tra t io n s  w ith in  e a c h  fe rm e n te r  w e re  
s e le c te d  to c o v e r  tw o  ra n g e s  d e v is e d  to  re p re s e n t th e  in fo r m a t io n  w ith in  th e  lite ra tu re ;
i.e . 0 - 5 0 0 | iM  a n d  1 0 0 0 -4 0 0 0 p ,M . A p p r o p r ia t e  v o lu m e s  o f  th e  lO O m M  m a g n e s iu m  
s to c k  s o lu t io n  w e re  a d d e d  to  th e  1L  o f  m e d iu m  w ith in  e a c h  fe rm e n te r  to  y ie ld  the  
f o l lo w in g  test c o n c e n tra t io n s :  13, 5 5 , 7 1 , 1 2 0 , 142 , 3 4 7 , 4 9 6 j iM  w ith in  th e  f ir s t  ra n g e  
a n d  9 6 3 , 1 3 4 7 , 1 6 5 6 , 2 0 0 6 , 2 3 8 6 , 2 5 8 7 , 2 7 3 6 , 3 0 0 7 , 3 8 2 9 | iM  w ith in  th e  s e c o n d  ra n g e .
3.1 .1 .3 . R esults and D iscussion
T h e  re s u lts  d e ta il s e v e ra l d ir e c t ly  m e a s u re d  fe rm e n ta t iv e  a n d  r e s p ira t iv e  a sp e cts  
o f  th e  b a tch  g ro w th  o f  c e l l  p o p u la t io n s  o f  S. ce rev is ia e  w ith in  a  m in im a l  m e d iu m  
c o n ta in in g  v a r io u s  c o n c e n tra t io n s  o f  m a g n e s iu m . A ls o  d e ta ile d  a re  s e v e ra l d e r iv e d  
p a ra m e te rs  c a lc u la t e d  f r o m  th e  d ir e c t ly  m e a s u re d  re s u lts .
F o r  th e  f ir s t  ra n g e  o f  m a g n e s iu m  c o n c e n tra t io n s  d e ta ile d  a b o v e , ( s e c t io n  3 .1 .1 .2 ) ,  
th e  e f fe c t  o f  th e  in it ia l  m a g n e s iu m  c o n c e n tra t io n  p re s e n t w ith in  th e  m e d iu m  o n  the  
m e a s u re d  fe rm e n ta t io n  p a ra m e te rs  ( c e ll  c o n c e n tra t io n , e th a n o l, g lu c o s e , a n d  m a g n e s iu m  
le v e ls )  is  s h o w n  in  F ig u r e s  3 .1 , 3 .2 , 3 .3 , a n d  3 .4  re s p e c t iv e ly .  R e s u lt s  f o r  th e  s e c o n d  
ra n g e  o f  in it ia l  m e d iu m  m a g n e s iu m  c o n c e n tra t io n s  are  n o t  s h o w n  as n o  e a s ily  
d is c e r n ib le  d if fe r e n c e s  e x is te d  b e tw e e n  th e  fe rm e n ta t io n  p a ra m e te rs  o f  th e  f in a l  v a lu e  o f  
th e  f ir s t  ra n g e  o f  m a g n e s iu m  c o n c e n tra t io n s  (4 9 6 p .M )  a n d  th e  r e s p e c t iv e  fe rm e n ta t io n  
p a ra m e te rs  o f  th e  e n t ire  s e c o n d  ra n g e  o f  m a g n e s iu m  c o n c e n tra t io n s .
H o w e v e r ,  th e  re s u lts  f r o m  th e  s e c o n d  ra n g e  o f  c o n c e n tra t io n s  a re  in c lu d e d  f o r  
c o m p le te n e s s  in  th e  g ra p h s  f o r  th e  d e r iv e d  fe rm e n ta t io n  v a r ia b le s ;  s u c h  as th e  s p e c if ic  
g ro w th  ra te  an d  e th a n o l p r o d u c t iv it y ,  the  b io m a s s  a n d  e th a n o l y ie ld s  ( g lu c o s e  an d  
m a g n e s iu m ) , a n d  th e  e th a n o l p r o d u c t io n  ra te  a n d  g lu c o s e  u p ta k e  rate ; w h ic h  a re  s h o w n  
in  F ig u r e s  3 .5 a , 3 .6 , 3 .7 , 3 .8 , 3 .9 , 3 .1 0 , 3 .1 1  a n d  3 .1 2  r e s p e c t iv e ly .  F o r  th e  p u rp o s e s  o f
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p re s e n ta t io n , th e  re s u lts  f o r  th e  h ig h e s t  m a g n e s iu m  c o n c e n tra t io n  ( 3 8 2 9 p M )  are  n o t  
s h o w n . T h e y  a re  n o t  s ig n if ic a n t ly  d if fe r e n t  f r o m  th e  o th e r  d a ta  s h o w n . S im i la r ly ,  the  
re s u lts  f o r  th e  b io m a s s  a n d  e th a n o l y ie ld  (g lu c o s e )  a re  o n ly  d e ta ile d  u p to  th e  4 9 6 ( iM  
c o n c e n tra t io n  as th e  in c lu s io n  o f  th e  d a ta  f o r  th e  h ig h e r  c o n c e n tra t io n s  w o u ld  o b s c u re  
th e  tre n d  in  th e  g ra p h s  at th e  lo w e r  c o n c e n tra t io n s .
F r o m  F ig u r e  3 .1 , i t  c a n  b e  seen  th a t as th e  in it ia l  e x o g e n o u s  m a g n e s iu m  
c o n c e n tra t io n  is  in c re a s e d , th e  c h a ra c te r is t ic  g ro w th  c u r v e  o f  a  b a tc h  c u lt u re  o c c u r s  o v e r  
an  in c r e a s in g ly  s h o rte r  t im e . F o r  e x a m p le , th e  t im e  ta k e n  to  re a c h  th e  s ta t io n a ry  p h a se  
f o r  an in it ia l  m a g n e s iu m  c o n c e n tra t io n  o f  5 5 p M  is  8 5 h rs  (n o t  s h o w n )  w h e re a s  
s ta t io n a ry  p h a s e  is  re a c h e d  a fte r  o n ly  1 8 h rs  w h e n  a m a g n e s iu m  c o n c e n tra t io n  o f  4 9 6 ja M  
is  u se d .
F o r  a ll  th e  in it ia l  m a g n e s iu m  c o n c e n tra t io n s  tested , th e  s ta t io n a ry  p h a s e  c e l l  
c o n c e n tra t io n s  w e re  b r o a d ly  s im ila r ,  w ith  o n ly  th e  c e l ls  g r o w in g  at th e  lo w e s t  v a lu e  o f  
1 3 q M  n o t a c h ie v in g  a n y  s ig n if ic a n t  in c re a s e  f r o m  th e ir  in o c u la t io n  le v e ls .  T h is  a g re e s  
w ith  th e  re s u lts  o f  S a lt u k o g lu  a n d  S la u g h te r  (1 9 8 3 )  w h o  fo u n d  th e  sa m e  le v e l o f  
in c re a s e  in  c e l l  n u m b e r  f o r  in it ia l  m a g n e s iu m  c o n c e n tra t io n s  o f  g re a te r th a n  2 4 7 j iM .  
T h e y  a ls o  n o te d  th at at an  in it ia l  m a g n e s iu m  c o n c e n tra t io n  o f  3 8 p .M  " in s u f f ic ie n t  
g ro w th  ( o c c u rre d )  f o r  a c c u ra te  m e a s u re m e n t" .
T h e  le n g th  o f  th e  la g  p h a s e  d e p re c ia te s  c o n s id e r a b ly  w h ils t  th e  s lo p e  o f  the  
e x p o n e n t ia l p h a s e  b e c o m e s  s te e p e r as th e  in it ia l  c o n c e n tra t io n  o f  e x o g e n o u s  m a g n e s iu m  
is  in c re a s e d . It is  th e se  tw o  fa c to rs  th a t c o n tr ib u te  to  th e  t im e  at w h ic h  s ta t io n a ry  p h a s e  
is  a c h ie v e d . T h e  re s u lts  in d ic a te  th at th e  m a g n e s iu m  c o n c e n tra t io n  o f  th e  m e d iu m  is  
a f fe c t in g  th e  ra te  o f  c e l l  g ro w th  w h ils t  a p p e a r in g  n o t  to  in f lu e n c e  th e  p o p u la t io n s  to ta l 
g ro w th . T h i s  c a n  b e  seen  m o r e  c le a r ly  in  F ig u r e  3 .5 a  w h e re  th e  h y p e r b o la  in d ic a te s  a  
M o n o d  r e la t io n s h ip  b e tw e e n  th e  s p e c if ic  g ro w th  ra te  o f  th e  c e l ls  a n d  th e  m e d iu m  
m a g n e s iu m  c o n c e n tra t io n . F r o m  th is  sa tu ra t io n  c u rv e , a  m a x im u m  g ro w th  ra te  (M,m a x ) 
o f  0 .1 9 6 h r s ' l  is  re a c h e d  at an  in it ia l  m e d iu m  m a g n e s iu m  c o n c e n tra t io n  o f  6 2 5 | iM  
w h ils t  K s is  fo u n d  to  b e  e q u a l to  4 0 p M .  S h k id c h e n k o  (1 9 7 7 )  fo u n d  th e  K s o f  C. u tilis
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to  b e  1 5 p M  ( 0 .0 0 0 3 7 g / L )  w h ils t  th e  K s o f  E. co li  is  k n o w n  to  b e  3 1 | iM  a n d  
R h o d o p seu d o m o n a s ca p su la ta  e q u a l to  5 5 } iM  (Ja sp e r  a n d  S i lv e r ,  1 9 7 7 ; c ite d  b y  H u g h e s  
&  P o o le ,  1 9 8 9 ). B u l l  (1 9 7 4 )  r e c o m m e n d s  th e  u se  o f  a L in e w e a v e r - B u r k  ty p e  d o u b le ­
r e c ip r o c a l  p lo t  f o r  th e  a c c u ra te  d e te rm in a t io n  o f  the m a x im u m  g ro w th  ra te  a n d  th e  K s 
v a lu e . F ig u r e  3 .5 b  b e lo w  is  u s e d  f o r  th is  p u r p o s e .
Figure 3.5b: A double-reciprocal plot of Growth Rate versus Magnesium 
Concentration (Figure 3.5a) of the Lineweaver-Burk type
Double-reciprocal Plot 
of the Lineweaver-Burk Type
Reciprocal Mg Concentration, 1/uM
F r o m  th is  g ra p h , J L t m a x  is  fo u n d  to b e  e q u a l to  0 .2 0 0 h rs ~ l a n d  K s e q u a l to  
3 5 .7 p M .  T h i s  v a lu e  f o r  p m a x  is  c o m p a r e d  to g ro w th  ra te s  o b ta in e d  u n d e r  d if fe r e n t  
c u lt u re  c o n d it io n s  ( re su lts  n o t  s h o w n )  w h e re b y  th e  o rg a n is m  g ro w n  at a  n o n - l im it in g  
c o n c e n tra t io n  o f  m a g n e s iu m  (2 0 0 0 | iM )  w ith  o n ly  l% w / v  g lu c o s e  a n d  m ild  a e ra t io n  h a d  
a g ro w th  ra te  e q u a l to  0 .2 6 2 h r s ' l  w h ils t  th e  g ro w th  ra te  f o r  a  n o n - m a g n e s iu m - lim it e d  
c u lt u re  at l% w / v  g lu c o s e  in  the p re s e n c e  o f  e x c e s s  o x y g e n  w a s  e q u a l to  0 .3 2 9 h r s " l .  
T h e  d if fe r e n c e s  o b s e r v e d  b e tw e e n  th e  tw o  c u ltu re s  at l% w / v  g lu c o s e  r e f le c t  th e
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in f lu e n c e  o f  an  in c re a s e d  s u p p ly  o f  o x y g e n  w h ils t  th e  d if fe r e n c e s  in  g ro w th  ra te s  
o b s e rv e d  b e tw e e n  th e  l% w / v  a n d  2 .5 % w /v g lu c o s e  c u lt u re s  p o s s ib ly  a r is e  f r o m  th e  
r e s tr ic t io n s  o f  th e  C ra b t re e  e ffe c t .
S a lt u k o g lu  a n d  S la u g h te r  (1 9 8 3 )  o b ta in e d  a m e a n  g e n e ra t io n  t im e  ( M G T )  o f  
5 .9 h rs  th at a p p ro x im a te s  to a s p e c if ic  g ro w th  ra te  o f  0 .1 2 4 h r s " l  ( a s s u m in g  M G T  = 
D o u b l in g  T im e )  f o r  a m a g n e s iu m  c o n c e n tra t io n  o f  2 0 6 p .M  (a n d  a c o n c o m ita n t  c a lc iu m  
c o n c e n tra t io n  o f  7 0 | iM ; th e  c o n c e n t ra t io n  o f  c a lc iu m  w ith in  th is  m e d iu m  b e in g  68p M )  
w ith in  a  m in im a l  m e d iu m  c o n ta in in g  a  r e s p ira to ry - re p re s s iv e  le v e l o f  g lu c o s e  (8% w /v). 
T h is  is  in  k e e p in g  w ith  th e  g ro w th  ra te  c u r v e  o f  F ig u r e  3 .5 a .
T h a t  n o  d is c e r n ib le  g ro w th  o c c u r r e d  at th e  lo w e s t  m a g n e s iu m  c o n c e n tra t io n  in fe rs  
th at th e  s a tu ra t io n  c u r v e  d o e s  n o t  p a s s  th ro u g h  th e  o r ig in .  T h i s  is  in  k e e p in g  w ith  
c u rr e n t  t h in k in g  c o n c e r n in g  th e  id e a  o f  m a in te n a n c e  e n e r g y  w h e re b y  th e re  w i l l  b e  
s u f f ic ie n t  m a g n e s iu m  p re s e n t  to  m a in t a in  c e l l  v ia b i l i t y  w it h in  th e  p o p u la t io n  b u t  n o t  
e n o u g h  to  p e r m it  g ro w th  to  o c c u r .  In  h in d s ig h t , a  test o f  c e l l  v ia b i l i t y  w ith in  th e  
p o p u la t io n  s h o u ld  h a v e  b e e n  c a r r ie d  o u t. T h e  u n a n s w e re d  q u e s t io n  is  w h e th e r  th e  
p o p u la t io n  o f  c e l ls  w ith in  th e  c u ltu re  c o n ta in in g  th e  lo w e s t  m a g n e s iu m  c o n c e n tra t io n  
( 1 3 q M )  w o u ld  h a v e  e v e n tu a lly ,  g iv e n  s u f f ic ie n t  t im e , a c h ie v e d  a p o p u la t io n  d e n s ity  
s im ila r  to  th e  o th e r  m a g n e s iu m  c o n c e n tra t io n s  a lth o u g h  th is  is  h ig h ly  u n l ik e ly .
C h a n g e s  to  th e  e th a n o l le v e ls  w ith in  th e  c u ltu re s  s h o w  a tre n d  s im ila r  to  th e  
in c re a s e  in  c e l l  c o n c e n tra t io n s . F o r  a ll  th e  m a g n e s iu m  c o n c e n tra t io n s , a f in a l  e th a n o l 
c o n c e n tra t io n  o f  a p p r o x im a t e ly  l% w / w  w a s  e v e n t u a lly  re a c h e d ; th e  e x c e p t io n  b e in g  th e  
c u lt u re  w ith  an  in it ia l  m a g n e s iu m  le v e l o f  1 3 p ,M  th at d id  n o t re a c h  h ig h e r  th an
0 .2 5 % w / w  e v e n  a fte r  8 5 h rs . A g a in ,  th e  m a jo r  d if fe r e n c e  b e tw e e n  th e  c u ltu re s  w a s  th e  
a m o u n t  o f  t im e  re q u ire d  to  re a c h  th e ir  f in a l  v a lu e s ;  f o r  e x a m p le , th e  5 5 | iM  c u lt u re  to o k  
7 2 h rs  to  re a c h  its  f in a l  c o n c e n tra t io n  w h e re a s  th e  4 9 6 q M  c u lt u re  to o k  o n ly  2 0 h rs . 
T h e s e  d if fe r e n c e s  a re  m o r e  c le a r ly  se e n  in  F ig u r e  3 .6  w h e re  e th a n o l p r o d u c t iv it y  is  
l im it e d  b y  an  in it ia l  m e d iu m  m a g n e s iu m  c o n c e n tra t io n  b e lo w  6 2 5 ( iM .
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T h e  tre n d s  o f  th e  r e m o v a l o f  g lu c o s e  f r o m  th e  m e d iu m  a re  in  k e e p in g  w ith  the  
g ro w th  c u rv e s  o b s e rv e d . T h e  m a in  d if fe r e n c e  b e tw e e n  c u ltu re s  is  th e  t im e  ta k e n  to  
e x h a u s t  th e  m e d iu m  o f  g lu c o s e  w ith  th e  ra n g e  o f  t im e s  e x h ib ite d  b e in g  s im i la r  to  the  
ra n g e  o b s e rv e d  f o r  e th a n o l p ro d u c t io n ;  f o r  e x a m p le , th e  5 5 ]u M  c u lt u re  ta k e s  7 2 h rs  and  
th e  4 9 6 | iM  c u ltu re  ta k e s  2 0 h rs . A g a in ,  f o r  a l l  v a lu e s  o f  th e  in it ia l  m a g n e s iu m , a ll  the  
g lu c o s e  is  e v e n tu a lly  u s e d  w ith  th e  e x c e p t io n  o f  th e  1 3 p ,M  c u ltu re  th at d id  n o t  m a n a g e  
to r e m o v e  a ll  th e  g lu c o s e  f r o m  th e  m e d iu m  e v e n  a fte r  8 5 h rs  (n o t s h o w n ) .
F ig u r e  3 .4  s h o w s  th e  m a g n e s iu m  u p ta k e  p a tte rn s  f r o m  the m e d iu m  b y  th e  v a r io u s  
y e a st p o p u la t io n s . F o r  th e  c u ltu re s  in  th e  th re e  h ig h e s t  in it ia l  m a g n e s iu m  
c o n c e n tra t io n s , th e  p a tte rn  o f  u p ta k e  is  a p ro g re s s iv e  r e m o v a l o f  th e  m a g n e s iu m  f r o m  
th e  m e d iu m  fo l lo w e d  b y  its  g ra d u a l re le a s e  b a c k  in to  th e  m e d iu m . S e v e r a l a sp e cts  o f  
th is  p a tte rn  a re  n o te w o rth y : th e  le v e l o f  m a g n e s iu m  w ith in  th e  m e d iu m  n e v e r  re tu rn s  to  
its  o r ig in a l  v a lu e  b u t ra th e r  a c h ie v e s  a  le v e l o f  s o m e  8 0 -9 0 %  o f  th e  o r ig in a l  
c o n c e n tra t io n ;  th e  m in im u m  v a lu e  f o r  e a c h  c u r v e  b e c o m e s  s h a rp e r  as th e  in it ia l  
m a g n e s iu m  c o n c e n tra t io n  in c re a s e s  in d ic a t in g  a n  in c re a s e d  ra te  o f  u p ta k e ; the  
o c c u r r e n c e  o f  th e  m in im u m  v a lu e  c o in c id e s  w ith  th e  o n s e t o f  th e  s ta t io n a ry  p h a s e  an d  
th e  e x h a u s t io n  o f  th e  g lu c o s e  f r o m  th e  m e d iu m . ( R e fe r  to  T a b le  3.1 b e lo w ) .
T h e  m a g n e s iu m  u p ta k e  p a tte rn s  a re  in  a c c o r d  w ith  th e  k n o w n  ro le s  o f  th e  io n  in  
so  fa r  as th e  m a jo r ity  (8 0 -9 0 % ) o f  th e  to ta l m a g n e s iu m  p re s e n t a p p e a rs  to  b e  u s e d  fo r  
n o n -s tru c tu ra l,  i.e . c o - fa c t o r  ro le s  in fe r re d  b y  its  re tu rn  to th e  m e d iu m  w h ils t  th e  10- 
20% n o t  re tu rn e d  to  th e  m e d iu m  w o u ld  p r e s u m a b ly  h a v e  b e c o m e  in c o rp o ra te d  in to  the  
c e l l  m a te r ia l o f  th e  n e w  b io m a s s . T h i s  h y p o th e s is  is  re p re s e n te d  s c h e m a t ic a l ly  in  
F ig u r e  3 .1 3  b e lo w .
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Figure 3.13: Proposed utilization of medium magnesium by the cell culture
T h e  lo w e r  in it ia l  m a g n e s iu m  c o n c e n tra t io n s  s h o w  s im ila r  u p ta k e  p atte rn s  
a lth o u g h  th e y  a re  n o t  so  d is t in c t  a n d  e a s ily  seen  as th e  u p ta k e  p a tte rn s  o f  th e  h ig h e r  
m a g n e s iu m  c o n c e n tra t io n s . T h e  lo w e s t  v a lu e  (1 3 p ,M )  s h o w s  n o  n o t ic e a b le  u p ta k e  
p a tte rn  at a l l  w h ils t  th e  s e c o n d  lo w e s t  v a lu e  (55|nM ) s h o w s  a n o  re a l r e m o v a l o f  
m a g n e s iu m  f r o m  the m e d iu m  o v e r  th e  f ir s t  3 6 h rs  o f  th e  c u lt u re  w ith  u p ta k e  n o t  f u l ly  
b e g in n in g  to  o c c u r  u n t il  4 2 h r s  in to  th e  fe rm e n ta t io n . T h i s  p a tte rn  o f  m a g n e s iu m  
r e m o v a l is  re p e a te d  in  th e  71  a n d  1 2 0 | iM  c u ltu re s  w ith  th e  o n s e t o f  r e m o v a l b e g in n in g  
e a r lie r  (2 4 h rs  a n d  18 h rs  r e s p e c t iv e ly )  w ith  th e  p a tte rn s  b e c o m in g  m o r e  s im ila r  to  th o se  
d e s c r ib e d  a b o v e  f o r  th e  th re e  h ig h e r  v a lu e s  o f  in it ia l  m a g n e s iu m . H e n c e ,  the  
m a g n e s iu m  u p ta k e  p a tte rn s  d o  n o t  a p p e a r  to  b e  in f le x ib le  b u t ra th e r  th e y  c h a n g e  as a 
fu n c t io n  o f  th e  in it ia l  m a g n e s iu m  c o n c e n tra t io n  p re s e n t  w ith in  th e  m e d iu m .
A s  a lre a d y  n o te d  a b o v e , th e  o c c u re n c e  o f  th e  m in im a  w ith in  th e  m e d iu m  
m a g n e s iu m  f o r  a ll  v a lu e s  o f  in it ia l  m a g n e s iu m  e x c e p t  th e  lo w e s t  v a lu e  (1 3| aM ), a p p e a r  
to  b e  c o in c id e n t  w ith  th e  o n s e t  o f  th e  r e s p e c t iv e  s ta t io n a ry  p h a s e s  f o r  th e  s ix  c u ltu re s .  
T h is  is  m o r e  c le a r ly  d e m o n s tra te d  in  T a b le  3 .1 .
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Table 3.1: Coincidence of stationary phase fermentation parameters with the 
removal of magnesium from the medium as observed from Figures 3.1, 3.2, 3.3, 
and 3.4.
In it ia l M a g n e s iu m  
C o n c e n tr a t io n  w ith in  
th e  m e d iu m  ( |i .M )
F e r m e n ta t io n  T im e  
r eq u ire d  fo r  m e d iu m  
m a g n e s iu m  to  rea ch  
a  m in im u m  (H r s)
F e r m e n ta t io n  T im e  r eq u ire d  fo r  p a r a m e te r  to  r e a c h  s ta t io n a r y  p h a se  
v a lu e  (H r s)
[O ffse t  b e tw e e n  t im e  o f  m in im u m  m a g n e s iu m  a n d  s ta t io n a r y  p h a se  
(H rs)J
C ell C on cen tration E thanol C on cen tration G lu c o se  C on cen tration
13 ? S P N R S P N R S P N R
5 5 6 0 85  [251 7 2 [1 2 1 7 2  [121
71 39 4 2  [31 4 6  [71 4 6  [71
120 33 3 4 (1 1 3 6  131 36131
142 3 0 3 0  [01 3 0  101 3 0  [01
3 4 7 2 2 2 4  [21 2 5  [3] 2 5  [3]
4 9 6 16 18 [21 2 01 4 1 2 0  [41
w h e re  S P N R  = S t a t io n a r y  P h a s e  N o t  R e a c h e d
T a b le  3 .1  h ig h lig h t s  th e  s l ig h t  d if fe r e n c e s  in  th e  t im e  at w h ic h  th e  v a r io u s  
s ta t io n a ry  p h a s e  v a lu e s  o f  th e  re s p e c t iv e  fe rm e n ta t io n  p a ra m e te rs  f o r  th e  d if fe r e n t  
c u ltu re s  a re  a c h ie v e d . G e n e r a l ly ,  th e  g lu c o s e  is  d e p le te d  at th e  s a m e  t im e  as th e  e th a n o l 
a c h ie v e s  its  h ig h e s t  c o n c e n tra t io n ;  th e  c e l l  p o p u la t io n s  re a c h  th e ir  s ta t io n a ry  p h a s e  
v a lu e s  s l ig h t ly  a h e a d  o f  th e  g lu c o s e  d e p le t io n  o r  c e s s a t io n  o f  e th a n o l p r o d u c t io n ;  an d  
m a g n e s iu m 's  r e m o v a l f r o m  th e  c u ltu re s  o c c u r s  a h e a d  o f  the s ta t io n a ry  p h a s e  v a lu e s  f o r  
th e  c e l l  c o n c e n tra t io n , g lu c o s e  d e p le t io n  o r  e th a n o l p ro d u c t io n . T h e  la tte r  a s p e c t  is  o f  
in te re s t  as it  is  in  k e e p in g  w ith  the k n o w n  m a g n e s iu m  re q u ire m e n ts  o f  in te r m e d ia ry  
m e t a b o lic  e n z y m e s  w ith in  th e  c e l l  a n d  c o n f ir m s  th e  c lo s e  re la t io n s h ip  b e tw e e n  g lu c o s e
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u t il iz a t io n  a n d  fe r m e n ta t iv e  m e ta b o lis m . T h a t  the m a g n e s iu m  re le a s e  a p p e a rs  to  start 
b e fo re  th e  a tta in m e n t o f  p la te a u  le v e ls  f o r  th e  fe rm e n ta t io n  p a ra m e te rs  m a y  r e f le c t  
m a g n e s iu m 's  m u lt ip le  fu n c t io n s  w ith in  th e  c e l l  an d  m a y  re p re s e n t  th e  s lo w in g  d o w n  o f  
y e a s t  g ly c o ly t ic  a c t iv it y  a n d  h e n c e  a  r e d u c e d  m a g n e s iu m  re q u ir e m e n t  b y  th e  p e rt in e n t  
p h o s p h o r y la t in g  e n z y m e s . S im i la r ly ,  m a in te n a n c e  o f  a  t r ig g e r in g  in t r a c e llu la r  
m a g n e s iu m  c o n c e n tra t io n  w i l l  b e c o m e  le s s  im p o r ta n t  to  th e  c e l l  as d iv is io n  b e c o m e s  
l im it e d  b y  o th e r , u n id e n t if ie d  fa c to rs  a n d  th e  t im e  d if fe r e n c e  s im p ly  re p re s e n ts  th e  e a se  
w ith  w h ic h  m a g n e s iu m  c a n  b e  re le a s e d  f r o m  the c e l l  as o p p o s e d  to  the c o m p le x it y  o f  
c e l l  m a te r ia l m a n u fa c tu re .
F ig u r e  3 .7  d e ta ils  th e  re la t io n s h ip  b e tw e e n  th e  b io m a s s  y ie ld  f r o m  th e  g lu c o s e  a n d  
th e  in it ia l  m e d iu m  m a g n e s iu m  c o n c e n tra t io n . T h e  g ra p h  s h o w s  a s im ila r it y  to th e  o th e r  
d e r iv e d  v a r ia b le s ,  a lth o u g h  th e  r is e  in  b io m a s s  y ie ld  as a fu n c t io n  o f  m a g n e s iu m  
c o n c e n tra t io n  is  m u c h  sh a rp e r, re s u lt in g  in  a  le v e l in g  o u t  o f  y ie ld  b y  7 5 j i M .  T h i s  
w o u ld  in fe r  th at th e  a b s e n c e  o r  p re s e n c e  o f  m a g n e s iu m  is  m o r e  im p o r ta n t  th a n  th e  
a c tu a l m a g n e s iu m  c o n c e n tra t io n  its e lf ;  an  in fe re n c e  in  k e e p in g  w ith  th e  re s u lts  o f  
S a lt u k o g lu  a n d  S la u g h te r  (1 9 8 3 ).
T o  test th is , th e  re s u lts  w e re  r e c a lc u la te d  a c c o r d in g  to  th e  m e th o d  u s e d  b y  
S a lt u k o g lu  a n d  S la u g h te r  (1 9 8 3 )  a n d  a g ra p h  o f  th e  q u a n t ity  o f  m a g n e s iu m  ta k e n  u p  p e r  
n e w  c e l l  is  p re s e n te d  in  F ig u r e  3 .1 4  b e lo w . I n c lu d e d  f o r  c o m p le te n e s s  a re  re s u lts  f r o m  
th e  s e c o n d  ra n g e  o f  in it ia l  m a g n e s iu m  c o n c e n tra t io n s  tested .
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Figure 3.14: Quantity of magnesium taken up per cell from the medium as a 
function of the initial magnesium concentration.
Initial Magnesium Concentration (uM)
T h e  tre n d  is  v e r y  s im ila r  to  th e  re s u lts  p re s e n te d  b y  S a lt u k o g lu  a n d  S la u g h te r  
(1 9 8 3 )  a lth o u g h  th e  a c tu a l p la te a u  a m o u n ts  a re  o n ly  a  th ird  o f  th e  le v e l a tta in e d  b y  
th o se  a u th o rs . T h e  m a in  id e n t if ia b le  d if fe r e n c e  is  th at th e  g lu c o s e  le v e ls  w e re  
s ig n if ic a n t ly  h ig h e r  in  th e  e x p e r im e n t  o f  S a lt u k o g lu  a n d  S la u g h te r  (1 9 8 3 ) . T h e  
c o n c lu s io n  is  th a t a lth o u g h  th e  y e a s t  ta k e s  u p  a  c o n s ta n t  a m o u n t  o f  m a g n e s iu m  p e r  c e l l  
( S a lt u k o g lu  a n d  S la u g h te r , 19 8 3 ) th e  a c tu a l a m o u n t  w i l l  b e  in  p r o p o r t io n  to  th e  le v e l  o f  
g lu c o s e  p re s e n t in  th e  m e d iu m . T h e  in it ia l  m a g n e s iu m  c o n c e n tra t io n  w h e re  th e  p la te a u  
o c c u r s  is  a p p r o x im a t e ly  800(J.M  w h ic h  c o m p a r a b le  to  a v a lu e  o f  8 2 5 p M  e s t im a te d  f r o m  
th e  re s u lts  o f  S a lt u k o g lu  a n d  S la u g h te r  (1 9 8 3 ).
F ie c h t e r ,  K a p p e l i ,  &  M u e s s d o e r f f e r ,  (1 9 8 7 )  h a v e  in d ic a te d  th at a b io m a s s  y ie ld  o f
0 .1 5 g  d r y  c e l l  w e ig h t  (g  g lu c o s e ) '  1 f o r  S. ce rev is ia e  is  p o s s ib le  d u r in g  o x y g e n a te d  
b a tc h  c u lt iv a t io n s .  T h e  b io m a s s  y ie ld  o b ta in e d  w ith in  th is  set o f  e x p e r im e n ts  is  a g a in  
o n ly  a  th ird  o f  th is  v a lu e  a n d  p r o b a b ly  re f le c ts  the r e s p ira to ry  l im it a t io n  im p o s e d  o n  th e
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c e l ls  b y  th e  e x c e s s  o f  g lu c o s e  c o u p le d  w ith  th e  a b s e n c e  o f  a e ra t io n . A lt h o u g h  n o t  
s h o w n , th e  y ie ld  d id  n o t  c h a n g e  in  th e  s e c o n d  ra n g e  o f  m a g n e s iu m  c o n c e n tra t io n s  
s tu d ie d .
It is  n o te w o rth y  th at th e  c e l ls  c u ltu re d  at th e  lo w e s t  m a g n e s iu m  c o n c e n tra t io n  d id  
in c re a s e  th e ir  b io m a s s  d e s p ite  n o t  m a n a g in g  to  in c re a s e  th e ir  c e l l  n u m b e rs . T h i s  w o u ld  
in fe r  th a t th e  c e l ls  w e re  n o t  o n ly  s t i l l  a l iv e  w ith in  the c u ltu re  at 8 5 h rs  b u t  a ls o  
m e t a b o lic a l ly  a c t iv e ; an a s s u m p t io n  th at is  s u p p o rte d  b y  th e  o b s e r v a t io n  th a t g lu c o s e  
w a s  b e in g  c o n s u m e d  a n d  e th a n o l p r o d u c e d  b y  th is  c u ltu re . A  p o s s ib le  e x p la n a t io n  f o r  
th e  la c k  o f  c e l l  d iv is io n  o c c u r r in g  w ith in  th e  p o p u la t io n  is  th e  h y p o th e s is  fo rw a r d e d  b y  
W a lk e r  a n d  D u f f u s  (1 9 8 0 )  w h o  p ro p o s e d  th at f o r  c e l l  d iv is io n  to  b e  in it ia te d  w ith in  S. 
p o m b e  a  c r it ic a l  in t r a c e llu la r  c o n c e n tra t io n  o f  m a g n e s iu m  m u s t b e  re a c h e d . It is  
th e re fo re  p o s s ib le  that th e  c o n ta m in a n t  le v e ls  o f  m a g n e s iu m  p re s e n t w ith in  th e  c u ltu re  
w e re  in s u f f ic ie n t  to  p e r m it  th e  c e l ls  to  a c c u m u la te  th e  p ro p o s e d  't r ig g e r in g ' 
c o n c e n t ra t io n . It is  n o t su g g e s te d  th at th is  s c e n a r io  is  c o m p le te  as it  is  k n o w n  th at f o r  
th e  in it ia t io n  o f  c e l l  d iv is io n ,  g ro w th  to  s o m e  c r it ic a l  s iz e  is  re q u ire d  (Jo h n s to n  
E h r h a r d t ,  L o r in c z ,  &  C a r te r ,  1 9 7 9 ) a n d  th e  c e l ls  h e re  a re  p e rh a p s  n o t  g r o w in g  
s u f f ic ie n t ly .  A n  in v e s t ig a t iv e  e x p e r im e n t  w o u ld  b e  to  re p e a t th e  fe rm e n ta t io n  at th e  
c o n ta m in a t io n  le v e ls  o f  m a g n e s iu m  b u t u se  le s s  in o c u lu m . T h i s  w o u ld  e f f e c t iv e ly  
lo w e r  th e  c o m p e t it io n  fo r  th e  a v a ila b le  m a g n e s iu m  b y  in c re a s in g  th e  m a g n e s iu m - t o - c e ll  
ra t io  a n d  h e n c e  a l lo w  th e  in fe r r e d  in t r a c e llu la r  t r ig g e r in g  c o n c e n tra t io n  o f  m a g n e s iu m  
to  b e  re a c h e d . T h e  e x p e c te d  re s u lt  w o u ld  b e  to  o b s e rv e  at le a s t  o n e  d o u b lin g  o f  th e  c e l l  
p o p u la t io n . It is  k n o w n  th at c e l ls  t ra n s fe rre d  f r o m  a  m a g n e s iu m - c o m p le te  in o c u lu m  to  
a m a g n e s iu m - d e f ic ie n t  m e d iu m  u s u a lly  m a n a g e  a d o u b lin g  step  b e fo re  c e s s a t io n  o f  
g ro w th  ( W a lk e r  a n d  D u f f u s ,  1 9 8 0 ).
T h e  re s u lts  fo r  th e  e th a n o l y ie ld  ( F ig u r e  3 .8 )  a re  s im i la r  to  th o se  f o r  th e  b io m a s s  
y ie ld  w ith  a  lin e a r  re la t io n s h ip  b e tw e e n  th e  in it ia l  m a g n e s iu m  c o n c e n tra t io n  a n d  th e  
e th a n o l y ie ld  e x is t in g  f o r  o n ly  a  v e r y  n a r ro w  ra n g e  o f  m a g n e s iu m  w ith  a p la te a u
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o c c u r r in g  at 7 5 | iM . T h e  m a x im u m  v a lu e  o b ta in e d  (0 .4 2 g  E t h a n o l (g  G lu c o s e ) - 1) 
in d ic a te s  a  c o n v e r s io n  e f f i c ie n c y  o f  82%  b a se d  o n  th e  G u y - L u s a c  e q u a t io n .
C a lc u la t e d  re s u lts  f o r  th e  b io m a s s  a n d  e th a n o l y ie ld s  as a f u n c t io n  o f  th e  a m o u n t  
o f  m a g n e s iu m  u se d  a re  s h o w n  in  F ig u r e s  3 .9  a n d  3 .1 0  r e s p e c t iv e ly .  T h e  a m o u n t  o f  
m a g n e s iu m  u se d  w a s  c a lc u la t e d  b y  s u b tra c t in g  th e  m in im u m  c o n c e n tra t io n  o f  
m a g n e s iu m  re a c h e d  f r o m  th e  in it ia l  c o n c e n tra t io n  o f  m a g n e s iu m  w ith in  th e  m e d iu m .  
T h e  g ra p h s  s h o w  a c le a r  e x p o n e n t ia l d e c lin e  in  y ie ld  a s  a  f u n c t io n  o f  th e  in it ia l  
m a g n e s iu m  c o n c e n tra t io n  w ith  th e  le v e l in g  o u t  o f  th e  re s p o n s e  a g a in  at a p p r o x im a t e ly  
6 5 0 ( iM .
T h e  g ra p h s  o f  th e  e th a n o l p r o d u c t io n  ra te  ( F ig u r e  3 .1 1 )  a n d  th e  g lu c o s e  u p ta k e  
ra te  ( F ig u r e  3 .1 2 )  a re  v e r y  s im i la r  to e a ch  o th e r  a n d  to  th e  g ro w th  ra te . N e it h e r  c u rv e  
p a s se s  th ro u g h  th e  o r ig in  a n d  b o th  c u rv e s  a c h ie v e  a  p la te a u  at a p p r o x im a t e ly  6 2 5 ( iM  o f  
m e d iu m  m a g n e s iu m  w h ils t  th e  s p e c if ic  q u a n t it ie s  o f  g lu c o s e  u t il is e d  a n d  th e  q u a n t it ie s  
o f  e th a n o l p r o d u c e d  r e f le c t  th e  c o n v e r s io n  e f f i c ie n c y  m e n t io n e d  a b o v e .
T h e  c e l ls  c u ltu re d  in  th e  lo w e s t  m a g n e s iu m  c o n c e n tra t io n  p r o d u c e  e th a n o l b u t as 
th e  c o n c e n t ra t io n  o f  m a g n e s iu m  in c re a s e d  th e  c e l l  c o n c e n tra t io n  r is e s  as d o e s  th e  ra te  o f  
e th a n o l a c c u m u la t io n . H e n c e ,  is  th e  in c re a s e  in  th e  e th a n o l a c c u m u la t io n  ra te  
a c c o u n te d  f o r  b y  th e  in c re a s e  in  c e l l  c o n c e n tra t io n  o r  is  th e re  an  in c re a s e  in  the  
fe r m e n ta t iv e  a c t iv ity ?  In  an  a tte m p t to  a d d re ss  th is  is s u e , th e  e th a n o l p r o d u c t io n  ra te  
h a s b e e n  r e c a lc u la te d  o n  a  p e r  c e l l  b a s is  a n d  th e  re s u lts  a re  p re s e n te d  in  F ig u r e  3 .1 5  
b e lo w .
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Figure 3.15: The influence of the initial magnesium concentration on the ethanol 
producion rate expressed on a dry weight basis (+) and on a per cell basis (a)
*  E.P.R. (Dry Weight) ■ E.P.R. (Cells)
F ig u r e  3 .1 5  s h o w s  th a t the e th a n o l p ro d u c t io n  ra te  o n  a  p e r  c e l l  b a s is  is  b r o a d ly  
s im i la r  to  th e  e th a n o l p r o d u c t io n  ra te  o n  a  d r y  w e ig h t  b a s is  a n d  th a t th e re  is  th e re fo re  an  
in c re a s e  in  th e  fe rm e n ta t iv e  a c t iv it y  o f  the in d iv id u a l  c e l ls  ra th e r  th a n  th e  in c re a s e  in  the  














F ig u re  3 .1 : The influence of the in itial medium magnesium concentration on the






F ig u re  3 .2 : The influence of the in itial medium magnesium concentration on the
ethanol concentration within the medium during batch fermentadons. Refer to




















F igure  3 .3 : The influence of the in itial medium magnesium concentration on the
glucose concentration within the medium during batch fermentations. Refer to













F ig u re  3 .4 : The influence of the in itial magnesium concentration on the
magnesium concentration within the medium during batch fermentations. Refer to






F ig u re  3 .5a : The relationship between the yeast growth rate and the in itial
magnesium concentration within the medium during batch fermentations.
Growth Rate
F i g u r e  3 .6 : T h e  re la t io n s h ip  b e tw e e n  the y e a st e th a n o l p r o d u c t iv ity  a n d  the in it ia l  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m e d iu m  d u r in g  b a tc h  fe rm e n ta t io n s .
Ethanol Productivity
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F i g u r e  3 .7 : T h e  re la t io n s h ip  b e tw e e n  the y e a st b io m a s s  y ie ld  (g lu c o s e )  a n d  the in it ia l
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m e d iu m  d u r in g  b a tch  fe rm e n ta t io n s .
Biomass Yield
F i g u r e  3 .8 : T h e  re la t io n s h ip  b e tw e e n  the y e a st e th a n o l y ie ld  (g lu c o s e )  a n d  the in it ia l  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m e d iu m  d u r in g  b a tc h  fe rm e n ta t io n s .
Ethanol Yield
M ag n e s iu m  C oncen tra tion , uM
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Fig ure  3.9 : The relationship between the yeast biomass yield (magnesium) and the in itial
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m e d iu m  d u r in g  b a tch  fe rm e n ta tio n s .
Biomass Yield (Magnesium)
Magnesium Concentration, uM
F i g u r e  3 .1 0 : T h e  re la t io n s h ip  b e tw e e n  the y e a st e th a n o l y ie ld  (m a g n e s iu m )  a n d  the in it ia l  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m e d iu m  d u r in g  b a tc h  fe rm e n ta t io n s .
Ethanol Yield (Magnesium)
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Fig u re  3.11 : The relationship between the yeast ethanol production rate and the
in itia l magnesium concentration within the medium during batch fermentations.
Ethanol Production Rate
F i g u r e  3 .1 2 :  T h e  re la t io n s h ip  b e tw e e n  the y e a st g lu c o s e  u p ta k e  rate  a n d  the in it ia l  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m e d iu m  d u r in g  b a tc h  fe rm e n ta t io n s .
Glucose Uptake Rate
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3.1.2. The Effect of Inoculum Magnesium Levels on Batch
Fermentation Parameters
3.1.2 .1 . Introduction
T h e  p ro p e rt ie s  o f  the y e a s t  c e l l  a re  u lt im a te ly  d e te rm in e d  b y  the g e n o m e ,  
h o w e v e r , the  c e l l  ca n  a d a p t to its  e n v ir o n m e n t  e ith e r  b y  a lte r in g  th e  g e n o m e  th ro u g h  
s p o n ta n e o u s  m u ta t io n s  o r  b y  p h e n o t y p ic  a d a p ta t io n  ( M e y e r  e t aL , 1 9 8 5 ). T h e  la tte r  
m e th o d  is  o b v io u s ly  a ffe c te d  b y  the e n v ir o n m e n t  a n d  is  fu n d a m e n ta l to b io t e c h n o lo g y  
w ith  the p h y s ic a l an d  c h e m ic a l  e n v ir o n m e n t  d e te r m in in g  the f in a l  q u a lit ie s  o f  the  
m ic r o b ia l  p o p u la t io n  ( M e y e r  e t a i ,  1 9 8 5 ).
T h e r e  is  m u c h  o n g o in g  re s e a rc h  in to  the c o n t ro l o f  c e l l  p o p u la t io n s  th ro u g h  the  
m a n ip u la t io n  o f  the im m e d ia t e  e n v ir o n m e n t  as the e f f ic ie n t  u t i l iz a t io n  o f  a n y  m e d iu m  is  
d e p e n d e n t o n  e s ta b lis h in g  the a p p ro p r ia te  c o n d it io n s  to m e e t the c e l lu la r  m e ta b o lic  
re q u ire m e n ts  n e c e s s a ry  f o r  the d e s ire d  s u b s tra te -to -p ro d u c t  c o n v e r s io n .  T h is  re q u ire s  a 
d e ta ile d  u n d e rs ta n d in g  o f  the p e rt in e n t  m e ta b o lic  p a th w a y s  an d  the c e l l 's  re q u ire m e n ts  
f o r  k e y  n u tr ie n ts  th at m u s t  be s u p p lie d  at the c o r re c t  t im e , in  a d e q u a te  a m o u n ts  an d  in  
the o p t im u m  c h e m ic a l s p e c ie s . It h a s  b e e n  stated  that b re w e rs  h a v e  o n ly  a  lim it e d  
c o n tro l o v e r  the y e a s t  an d  the fe rm e n ta t io n  ( H u d s o n , 1 9 8 3 ), w ith  c o n tro l o p t io n s  
p r im a r i ly  b e in g  the c o m p o s it io n  o f  th e  w o rt  th ro u g h  c h o ic e  o f  g ra in , m a s h in g  
c o n d it io n s ,  p it c h in g  rate  an d  te m p e ra tu re  c o n tro l (S te w a rt  a n d  R u s s e l l ,  1986).
H o w e v e r ,  a c o m p le m e n ta ry  a lte rn a t iv e  to m a n ip u la t in g  the e n v ir o n m e n t  o f  the  
m a in  p ro d u c t io n  c u ltu re  is  to e x e rt  c o n t ro l 'p re -fe rm e n te r ' ( Q u a in ,  1 9 8 8 ), i.e . e ith e r  b y  
'c o n d it io n in g ' th e  in o c u lu m  to  the m a in  fe rm e n ta t io n  m e d iu m  a n d  th u s  fo r c e  a n y  
re q u ire d  p h y s io lo g ic a l  a d a p ta t io n s  to  o c c u r  b e fo re  tra n s fe r  o r  b y  a n t ic ip a t in g  the fu tu re  
n u tr ie n t  re q u ire m e n ts  o f  the c e l l  a n d  u s in g  a p p ro p r ia te  te c h n iq u e s  to e n h a n c e  the  
a c c u m u la t io n  o f  the n u tr ie n ts  in  q u e s t io n .
G r o w t h  o f  y e a st c e l ls  o n  g lu c o s e  has b e e n  s h o w n  to  be in f lu e n c e d  b y  the  
in c u b a t io n  o f  the c e l ls  in  a v a r ie ty  o f  c o n d it io n in g  e n v ir o n m e n ts  in c lu d in g  d if fe r e n t  
c a rb o n  s o u rc e s  ( B r u v e r ,  B a l l ,  &  T u s t a n o f f ,  1 9 7 5 ), d if fe r e n t  s u g a r  c o n c e n tra t io n s  ( B a l l ,  
B r u v e r ,  &  T u s t a n o f f ,  1 9 7 5 ), v a r io u s  a e ra tio n  re g im e s  ( H a u k lie  a n d  L ie ,  1 9 7 3 ), a lte re d  
in o c u lu m  le v e ls  ( S tre h a ia n o , M o t a ,  &  G o m a ,  1 9 8 2 ), and  d if fe r e n t  p h y s io lo g ic a l  ages
( T u s t a n o f f  an d  B a r t le y ,  196 4 ). It is  k n o w n  th at the s ta n d a rd  d e v ia t io n  fo u n d  in  the  
c o m p o s it io n  o f  y e a sts  f o r  the m a jo r  e le m e n ts  is  +/- 70%  (Jo n e s  a n d  G r e e n f ie ld ,  1984) 
w h ic h  has n o t b een  s a t is fa c to r ily  e x p la in e d  b u t m a y  p ro v e  u s e fu l in  d e v e lo p in g  a 
c o n d it io n in g  te c h n iq u e .
B a r fo r d  (1 9 8 5 )  u se d  a d a p te d  in o c u la  to  o b ta in  b a tch  d ata  c o m p a r a b le  to 
c o n t in u o u s  c u ltu re  d a ta  w h e re  th e  a d a p ta t io n  in v o lv e d  fre s h  s h a k e - f la s k  in c u b a t io n s  o f  
the in o c u lu m  c e l ls  e v e r y  2 4 h rs  f o r  a tw o -w e e k  p e r io d  in  the m e d iu m  to b e  u se d  in  the  
m a in  e x p e r im e n t . O r lo w s k i  an d  B a r fo r d  (1 9 8 8 )  s h o w e d  th ro u g h  'a d a p ta tio n ' 
e x p e r im e n ts  that c e r ta in  k in e t ic  c h a ra c te r is t ic s  o f  fe rm e n ta t io n  a n d  g ro w th  o f  a  b a tch  
c u ltu re  o f  S. cerevisiae. g ro w n  o n  s u c ro s e  o r  f ru c to s e  a lte re d  as a re s u lt  o f  th e  c o n d it io n s  
o f  the in o c u lu m  an d  th e  n u m b e r  o f  g e n e ra t io n s  a llo w e d  to o c c u r  w ith in  the a d a p ta t io n  
in o c u lu m .
B o r s t - P a u w e ls  (1 9 6 7 )  o b s e rv e d  la rg e  d if fe r e n c e s  in  th e  u p ta k e  o f  p h o sp h a te s  
a c c o r d in g  to the in o c u lu m 's  in c u b a t io n  c o n d it io n s  w h ils t  the in f lu e n c e  o f  s tru c tu ra l io n s  
o n  y e a s t  g ro w th  c a u s e d  b y  th e  e x p o s u re  o f  the p la s m a  m e m b ra n e  to  the e n v ir o n m e n t  
h a s b e e n  'la rg e ly  o v e r lo o k e d ' ( Jo n e s  an d  G r e e n f ie ld ,  1984). C e l l s  sto re  a v a r ie ty  o f  
p h o s p h a te  s p e c ie s  in  v a c u o le s  a n d  as in t r a c e llu la r  m e ta p h o s p h a te  d ir e c t ly  in f lu e n c e s  the  
b a tc h  p e r fo rm a n c e  o f  the c e l ls  th e n  the h is to ry  o f  the c u ltu re  m a y  b e  m o re  im p o r ta n t  
th an  c u rre n t  p h o s p h a te  c o n c e n tra t io n  in  the m e d iu m  ( M a r k h a m  an d  B y r n e ,  1968; c ite d  
b y  J o n e s  an d  G a d d ,  1 9 9 0 ). V a c u o le s  a ls o  p la y  a r o le  in  m a in t a in in g  the c y t o p la s m ic  
c o n c e n tra t io n  o f  m a g n e s iu m  (Jo n e s  an d  G a d d ,  1990).
C o n w a y  a n d  B e a r y  (1 9 6 2 )  p ro d u c e d  b a k e r 's  y e a st c e l ls  th at c o n ta in e d  h ig h  le v e ls  
o f  m a g n e s iu m  an d  lo w  le v e ls  o f  p o ta s s iu m  an d  w h ic h  e x h ib ite d  re d u c e d  g ro w th  and  
fe rm e n ta t io n  ra te s a n d  a s ig n if ic a n t ly  a lte re d  m o r p h o lo g y  as c o m p a r e d  to  the n o n -  
m a n ip u la te d  c e lls .  C e l l s  r ic h  in  m a g n e s iu m  b u t w ith  n o rm a l p o ta s s iu m  le v e ls  s h o w e d  
n o  s ig n if ic a n t  d if fe r e n c e s  to  th e  'n o rm a l' c e l ls .  T h e  a u th o rs  c o n c lu d e d  th at th e  ch a n g e s  
se e n  w e re  d u e  to  p o ta s s iu m  d e f ic ie n c y  a n d  n o t e x c e s s  m a g n e s iu m , a c o n c lu s io n  v e r if ie d  
w h e n  n o r m a l g ro w th  an d  fe rm e n ta t io n  w e re  re s u m e d  a fte r  th e  a d d it io n  o f  e x o g e n o u s
p o ta s s iu m  c h lo r id e  to  th e  h ig h  m a g n e s iu m / lo w  p o ta ss iu m  c e l ls .  N o  e n h a n c e m e n t  o f  
g ro w th  o r  fe rm e n ta t io n  w a s  o b s e rv e d  in  the h ig h  m a g n e s iu m / n o rm a l p o ta s s iu m  c e l ls .
F u r th e r  e x a m p le s  o f  'c o n d it io n in g ' a re  fo u n d  in  the y e a st p r o d u c t io n  in d u s t ry  
w h e re  the n u tr it io n a l 'p r im in g ' o f  the c e l ls  b e fo re  d ry in g  is  an  e s ta b lis h e d  p ro te c t io n  
te c h n iq u e  w h e re b y  y e a s t  c u ltu re s  p r im e d  to  d if fe r e n t  e x te n ts  w ith  v a r io u s  n u tr it io n a l  
m ix e s  are s u p p lie d  to  d if fe r e n t  c u s to m e rs  w h o  h a v e  d if fe r e n t  e x p e c ta t io n s  a n d  
re q u ire m e n ts  o f  th e  y e a s t  p o p u la t io n  (Je n s e n , 199 0 ).
T h e  a im  o f  the f o l lo w in g  e x p e r im e n t  w a s  to o b s e rv e  the in f lu e n c e  o f  the  
e x o g e n o u s  m a g n e s iu m  c o n c e n tra t io n  w ith in  the in o c u lu m  m e d iu m  o n  the fe rm e n ta t iv e  
c a p a c it y  o f  the y e a st p o p u la t io n  an d  to  d e te rm in e  w h e th e r  the ra t io  o f  in o c u lu m  
m a g n e s iu m  c o n c e n tra t io n  to  m a in  fe r m e n t in g  m e d iu m  m a g n e s iu m  c o n c e n tra t io n  
a ffe c te d  the y e a st's  fe rm e n ta t iv e  b e h a v io u r .
3.1 .2 .2 . M ethod
T h e  m e t h o d o lo g y  f o r  the fe rm e n te r  se t-u p  is  d e ta ile d  in  s e c t io n  2 .1 .1 ;  the m e d iu m  
p re p a ra t io n  in  s e c t io n  2 .1 .2 ;  a n d  the in o c u lu m  p re p a ra t io n  in  s e c t io n  2 .1 .3 . C h a n g e s  to  
the p re p a ra t io n  o f  the in o c u lu m  w e re  as f o l lo w s .  T h e  c e l l  c u ltu re  f r o m  the p r im a ry  
in o c u lu m  w a s  d iv id e d  in  h a lf  an d  u se d  to  in it ia te  tw o  s e c o n d a r y  c u ltu re s . T h e  f ir s t  h ad  
an in it ia l  m a g n e s iu m  c o n c e n tra t io n  o f  7 0 | iM  w h ils t  the s e c o n d  w a s  at 5 0 0 q M .  A f t e r  
in c u b a t io n  the c e l ls  w e re  h a rv e s te d  as d e s c r ib e d  in  s e c t io n  2 .1 .3  a lth o u g h  e a ch  f la s k 's  
c o n te n ts  w e re  d iv id e d  in  h a lf  a n d  the a liq u o ts  u sed  to  in o c u la t e  the f o u r  m a in  
fe rm e n te rs . T h e  m a g n e s iu m  c o n c e n tra t io n  o f  tw o  o f  the m a in  fe rm e n te rs  w a s  set at 
7 0 q M  w h ils t  the r e m a in in g  fe rm e n te rs  w e re  set at 5 0 0 q M .  H e n c e ,  th e  c e l ls  in  the f ir s t  
fe r m e n te r  h ad  b e e n  c u ltu re d  at 7 0 | iM  a n d  w e re  fe rm e n t in g  a 7 0 | iM  m e d iu m  ( i.e . 7 0 -  
7 0 | iM )  w h ils t  the c e l ls  in  the s e c o n d  fe r m e n te r  h a d  a lso  b een  c u ltu re d  at 70|J.M b u t w e re  
fe r m e n t in g  a 5 0 0 q M  m e d iu m  (7 0 -5 0 0 | iM ) . T h e  th ird  fe rm e n te r  c e l ls  h ad  b een  c u ltu re d  
at 5 0 0 | iM  an d  w e re  fe r m e n t in g  a 5 0 0 q M  m e d iu m  ( 5 0 0 - 5 0 0 q M )  w h ils t  the fo u r th
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fe r m e n te r  c e l ls  h a d  b e e n  c u ltu re d  at 5 0 0 ( iM  b u t w e re  fe r m e n t in g  a 7 0 p .M  m e d iu m  (5 0 0 -  
7 0 | iM ) . T h is  p ro c e d u re  is  re p re s e n te d  s c h e m a t ic a l ly  in  F ig u r e  3 .1 6  b e lo w .
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T h e  s a m p lin g  re g im e  is  d e s c r ib e d  in  s e c t io n  2 .1 .4  w h ils t  th e  p ro c e d u re  f o r  the  
a n a ly s e s  o f  s a m p le s  is  d e ta ile d  in  s e c t io n  2 .3 .
T h e  e x p e r im e n t  w a s  re p e a te d  a n d  w h ils t  the tre n d  w ith in  the re s u lts  o f  the s e c o n d  
e x p e r im e n t  are  in  g e n e ra l a g re e m e n t w ith  th e  re s u lts  p re se n te d  h e re , the le v e l o f  c e l ls  
w ith in  th e  in o c u la  w e re  to o  lo w  to  c o n s id e r  th e  e x p e r im e n t  a  s t r ic t  re p e a t. In b r ie f ,  th e  
lo w e r e d  c e l l  c o n c e n tra t io n s  s e e m e d  to  a c c e n u a te  the d if fe r e n c e s  b e tw e e n  the c u ltu re s ' 
fe rm e n ta t io n  p a ra m e te rs  a lth o u g h  s ta t io n a ry  p h a se  w a s  n o t re a c h e d .
3.1 .2 .3 . Results and D iscussion
T h e  e f fe c t  o f  the ra t io  o f  the in o c u la t in g  m e d iu m  m a g n e s iu m  c o n c e n tra t io n  to  th e  
fe r m e n t in g  m e d iu m  m a g n e s iu m  c o n c e n tra t io n  o n  the c e l l 's  fe rm e n ta t io n  p a ra m e te rs  
(c e ll c o n c e n tra t io n , m e a n  c e l l  v o lu m e , e th a n o l, g lu c o s e , m e d iu m  m a g n e s iu m  le v e ls ,  a n d  
c e l lu la r  m a g n e s iu m  le v e ls )  is  s h o w n  in  F ig u r e s  3 .1 7 , 3 .1 8 , 3 .1 9 , 3 .2 0 , 3 .2 1 , a n d  3 .2 2  
r e s p e c t iv e ly .  T h e  e f fe c t  o n  d e r iv e d  fe rm e n ta t io n  v a r ia b le s  s u c h  as the s p e c if ic  g ro w th
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rate a n d  e th a n o l p r o d u c t iv it y ,  the  b io m a s s  a n d  e th a n o l y ie ld s ,  a n d  the e th a n o l 
p ro d u c t io n  rate  a n d  g lu c o s e  u p ta k e  rate  are  s h o w n  in  F ig u r e s  3 .2 3 , 3 .2 4 , 3 .2 5 , 3 .2 6 ,
3 .2 7 , an d  3 .2 8  r e s p e c t iv e ly .
F r o m  F ig u r e  3 .1 7 , s l ig h t  d if fe r e n c e s  b e tw e e n  the c u lt u re  are  n o te d  w ith  m o s t  
s ig n if ic a n t  b e in g  th a t the c u ltu re s  w ith in  th e  m a in  fe rm e n t in g  m e d iu m  c o n ta in in g  7 0 p .M  
d o  n o t  a tta in  the s a m e  le v e l o f  c e l l  n u m b e rs  as the c u ltu re s  w ith in  the 5 0 0 p ,M  m e d iu m ;  
a re s u lt  th at is  n o t  in  a c c o rd  w ith  the re s u lts  p re se n te d  e a r lie r  ( s e c t io n  3 .1 .1 ) . R e fe r r in g  
to F ig u r e  3 .2 3 , it  is  m o re  c le a r ly  se e n  th at the c e l ls  w ith in  th e  7 0 p ,M  m a in  fe r m e n t in g  
m e d iu m  a ls o  e x h ib it  the  lo w e s t  s p e c if ic  g ro w th  ra tes a lth o u g h  it  w o u ld  a p p e a r  th at the  
g ro w th  rate o f  the c e l ls  c u ltu re d  w ith in  the in o c u la t in g  m e d iu m  c o n ta in in g  5 0 0 | iM  
m a g n e s iu m  is  h ig h e r  th a n  that o f  the c e l ls  c u ltu re d  at 7 0 p M .  T h i s  tre n d  is  a ls o  p re se n t  
w ith in  the c e l ls  fe r m e n t in g  the 500JJ.M  m a in  fe r m e n t in g  m e d iu m s .
T h e s e  d if fe r e n c e s  b e tw e e n  the c e l l  p o p u la t io n s  a c c o r d in g  to  th e ir  c u ltu re  
c o n d it io n s  a p p e a r  to  in f lu e n c e  the ra te  o f  e th a n o l a c c u m u la t io n  an d  the rate  o f  g lu c o s e  
d e p le t io n  w ith in  th e  m a in  fe rm e n t in g  m e d iu m s  ( F ig u re s  3 .1 9  a n d  3 .2 0  re s p e c t iv e ly ) .  
T h e  f in a l le v e ls  o f  e th a n o l p ro d u c e d  are  s im i la r  b u t the rate  at w h ic h  it  is  p ro d u c e d  is  
s lo w e s t  in  the 7 0 - 7 0 ) iM  c u ltu re  a n d  fa ste st w ith in  the 5 0 0 - 5 0 0 | iM  c u ltu re  as a  fu n c t io n  
o f  b o th  m e d iu m  v o lu m e  ( E t h a n o l P r o d u c t iv it y :  F ig u r e  3 .2 4 )  a n d  c e l l  d ry  w e ig h t  
( E t h a n o l P r o d u c t io n  R a te : F ig u r e  3 .2 7 ) . T h e  o n ly  c o n tra d ic t io n  to  th e se  g e n e ra l tre n d s  
is  seen  in  the rate  at w h ic h  g lu c o s e  is  r e m o v e d  f r o m  the m e d iu m : 5 0 0 - 5 0 0 p .M , 7 0 -  
7 0 p M ,  7 0 - 5 0 0 | iM , a n d  5 0 0 -7 0 | iM  ( F ig u r e  3 .2 8 ) .
D if f e r e n c e s  are  o b s e rv e d  b e tw e e n  the c e l lu la r  e th a n o l p r o d u c t iv it ie s  o f  the  
c u ltu re s  ( T a b le  3 .2  b e lo w )  w h ic h  are  a g a in  in  k e e p in g  w ith  the g e n e ra l tre n d  e m e rg in g .
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Table 3.2: The influence of the magnesium concentration within the inocula 
relative to the magnesium concentration within the main fermenting media on the 
cellular ethanol productivity and the ethanol production rate.
In o c u lu m  M a g n e s iu m  C o n c e n tr a t io n  - 
F e r m e n ta t io n  M a g n e s iu m  
C o n c e n tr a t io n  ( |iM )
C e llu la r  E th a n o l P r o d u c t iv ity  (g  
E tO H  p e r  c e ll p e r  h r )
E th a n o l P r o d u c t io n  R a te  (g  E tO H  p e r  
g  d r y  w e ig h t  p e r  h r)
7 0 -7 0  (L o w  to  L o w ) 1 8 .2  x  10 ’ 12 0 .3 1 6
5 0 0 -5 0 0  (H ieh  to  H ieh ) 2 1 .2  x  1 0 '12 0 .3 3 3
7 0 -5 0 0  (L o w  to  H igh ) 14 .8  x 10 ‘ 12 0 .2 8 8
5 0 0 -7 0  (H ig h  to  L ow ) 2 0 .3  x  10*12 0 .2 8 1
In a g re e m e n t  w ith  th e  re s u lts  f r o m  s e c t io n  3 .1 .1 , th e  e th a n o l y ie ld  ( F ig u r e  3 .2 7 )  
a p p ea l's  u n in f lu e n c e d  b y  e ith e r  th e  c o n c e n tra t io n  o f  m a g n e s iu m  w ith in  th e  m a in  
fe r m e n t in g  m e d iu m  o r  the in o c u lu m  c u ltu re  m e d iu m . H o w e v e r ,  the  b io m a s s  y ie ld  
( F ig u r e  3 .2 5 )  is  in f lu e n c e d  b y  th e  e x p e r im e n ta l c o n d it io n s  a lth o u g h  b e c a u s e  th is  
e x p e r im e n t  w a s  te rm in a te d  s o o n e r  th a n  the e x p e r im e n t  w it h in  s e c t io n  3 .1 1  it  is  p o s s ib le  
th at th e  d ry  w e ig h t  f o r  th e  lo w - t o - lo w  c u ltu re  m a y  n o t  h a v e  r e a c h e d  its  f in a l  v a lu e .
M e d iu m  m a g n e s iu m  le v e ls  ( F ig u r e  3 .2 1 )  f o l lo w  the tre n d s  o b s e rv e d  in  s e c t io n
3 .1 .1  b u t w ith  o n ly  s l ig h t  d if fe r e n c e s  b e tw e e n  th e  c u ltu re s  b e in g  o b s e r v a b le . T h e  
c e l lu la r  m a g n e s iu m  c o n c e n tra t io n s  ( F ig u r e  3 .2 2 )  a p p e a r  to  f o l lo w  th e  g e n e r a l tre n d  
w h e re b y  th e  c e l ls  w ith in  the m a in  fe r m e n t in g  m e d iu m s  o f  7 0 p M  re ta in  th e ir  
m a g n e s iu m  m u c h  lo n g e r  th an  th e  c e l ls  w ith in  the h ig h e r  m a g n e s iu m  c o n c e n tra t io n s  
a lth o u g h  n o  s ig n if ic a n t  d if fe r e n c e s  a c c o r d in g  to  th e  in o c u lu m  m a g n e s iu m  le v e ls  c a n  be  
d is c e rn e d .
T h e  g e n e ra l tre n d  a p p e a rs  to  b e  th at th e  ra t io  o f  e x o g e n o u s  m a g n e s iu m  
c o n c e n tra t io n  w ith in  th e  m a in  fe r m e n t in g  m e d iu m  re la t iv e  to  th e  in o c u lu m  m a g n e s iu m  
c o n c e n tra t io n  is  o f  im p o r ta n c e  in  in f lu e n c in g  th e  fe r m e n ta t io n  p e r fo rm a n c e  o f  th e  c e l l
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p o p u la t io n . A  f in d in g  in  k e e p in g  w ith  the w id e ly - a c c e p te d  v ie w  that the le n g th  o f  the  
la g  p h a se  o f  a n y  g iv e n  c u ltu re  ca n  be re d u c e d  b y  m a tc h in g  the in o c u la t in g  m e d iu m  to  
the m a in  g ro w th  m e d iu m . H o w e v e r ,  an e x c e s s  o f  m a g n e s iu m  w ith in  th e  in o c u lu m  
m e d iu m  a p p e a rs  to a m e lio ra te  the d e tr im e n ta l e f fe c ts  o f  a  lo w  m a g n e s iu m  c o n c e n tra t io n  
w ith in  th e  m a in  fe r m e n t in g  m e d iu m  to the p o in t  th at the fe rm e n ta t io n  p a ra m e te rs  are  
a p p r o x im a te ly  e q u a l to  th o se  o f  a  c e l l  p o p u la t io n  c u ltu re d  in  lo w  m a g n e s iu m  
c o n c e n tra t io n s  (7 0 j iM )  b u t fe rm e n te d  at h ig h  c o n c e n tra t io n s  ( 5 0 0 q M ) ;  a f in d in g  o f  use  
i f  it  is  n o t  p o s s ib le  to  id e n t ic a l ly  m a tc h  th e  in o c u la t in g  m e d iu m  to  th e  m a in  g ro w th  
m e d iu m .
T h i s  w o r k  in d ic a te s  an  e x c it in g  a p p ro a c h  to  a c h ie v in g  in c re a s e d  c o n t r o l o v e r  the  
g ro w th  a n d  fe rm e n ta t iv e  p e r fo rm a n c e  o f  y e a st c u ltu re s  and  w h ils t  it  is  a p p re c ia te d  that 
the re s u lts  are  b y  n o  m e a n s  c o n c lu s iv e  it  is  b e lie v e d  b y  th is  a u th o r  th at th e  re s u lts  are  
s u f f ic ie n t ly  p o s it iv e  to w a rra n t  fu rth e r  re s e a rc h . R e p e a ts  o f  the e x p e r im e n ts  w o u ld  be  
c a rr ie d  o u t  w ith  the in te n tio n  o f  m o n it o r in g  the m a g n e s iu m  u p ta k e  p a tte rn s  w ith in  the  
in o c u la t in g  m e d iu m  s u c h  th at th e  tra n s fe r  t im e  c o u ld  b e  m o re  a c c u ra te ly  c o n t r o lle d  to  
w ith in  o n e  h o u r  o f  the o c c u r r e n c e  o f  the m a g n e s iu m  m in im a , th u s " p r im in g "  the c e ll's  
e n z y m e  s y s te m s  f o r  the fe rm e n ta t io n  o f  the m a in  m e d iu m . T h is  s tu d y  fo c u s e s  on  
m a g n e s iu m  f o r  re a s o n s  e x p lo r e d  w ith in  the in t r o d u c t io n  b u t o b v io u s ly  c o n d it io n in g  
c o u ld  be e x p a n d e d  to  o th e r  m e ta l io n s  w h ils t  re s e a rc h  is  b e in g  c o n d u c te d  in to  ye a st  
a d a p ta t io n  to  m a lto s e  u p ta k e  w ith in  w o rt  ( E rn a n d e s , W i l l ia m s ,  R u s s e l l ,  &  S te w a rt ,
1993).
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F i g u r e  3 .1 7 :  T h e  in f lu e n c e  o f  the re la t iv e  d if fe r e n c e  b e tw e e n  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the in o c u lu m  m e d iu m  a n d  the in it ia l e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m a in  c u ltu re  m e d iu m  o n  the y e a s t  c e l l  c o n c e n tra t io n  
d u r in g  b a tc h  fe rm e n ta tio n s .
Cell Concentration
Time, h ou rs
ci
70-70 uM  
a
500-500 uM  
A
70-500 uM  
500-70 uM
F i g u r e  3 .1 8 :  T h e  in f lu e n c e  o f  the re la t iv e  d if fe r e n c e  b e tw e e n  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the in o c u lu m  m e d iu m  a n d  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m a in  c u ltu re  m e d iu m  o n  the m e a n  c e l l  v o lu m e  d u r in g  
b a tc h  fe rm e n ta t io n s .
Mean Cell Volume
Tim e, h o u rs
□
70-70 uM  
□
500-500 uM  
A
70-500 uM  
500-70 UM
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F i g u r e  3 .1 9 : T h e  in f lu e n c e  o f  the re la t iv e  d if fe re n c e  b e tw e e n  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the in o c u lu m  m e d iu m  a n d  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m a in  cu ltu re  m e d iu m  o n  the e th a n o l c o n c e n tra t io n  




70-70 uM  
□
500-500 uM  
A
70-500 uM  
500-70 u M
F i g u r e  3 .2 0 :  T h e  in f lu e n c e  o f  the re la t iv e  d if fe re n c e  b e tw e e n  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the in o c u lu m  m e d iu m  a n d  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m a in  cu ltu re  m e d iu m  o n  the g lu c o s e  c o n c e n tra t io n  
d u r in g  b a tc h  fe rm e n ta t io n s .
Glucose
Time, h ou rs
a
70-70 uM  
□






F ig u r e  3 .2 1 : T h e  in f lu e n c e  o f  the re la t iv e  d if fe re n c e  b e tw e e n  the in it ia l e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the in o c u lu m  m e d iu m  an d  the in it ia l e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m a in  cu ltu re  m e d iu m  o n  the e x o g e n o u s  m a g n e s iu m  
c o n c e n tra t io n  d u r in g  b a tch  fe rm e n ta tio n s.
Medium Magnesium
a




70-500 uM  
500-70 uM
F i g u r e  3 .2 2 :  T h e  in f lu e n c e  o f  the re la t iv e  d if fe r e n c e  b e tw e e n  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the in o c u lu m  m e d iu m  a n d  th e  in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m a in  c u ltu re  m e d iu m  o n  the e n d o g e n o u s  m a g n e s iu m  
c o n c e n t ra t io n  d u r in g  b a tc h  fe rm e n ta tio n s .
Cellular Magnesium
70-70 uM  
□
500-500 uM  
A
70-500 uM  
500-70 uM
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F i g u r e  3 .2 3 :  T h e  in f lu e n c e  o f  the re la tiv e  d if fe re n c e  b e tw e e n  the in it ia l e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the in o c u lu m  m e d iu m  a n d  the in it ia l e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m a in  c u ltu re  m e d iu m  o n  the y e a st g ro w th  rate d u r in g  
b a tc h  fe rm e n ta tio n s .
Growth Rate
In o cu lu m  M agnes ium -C u ltu re  M agnes ium
F i g u r e  3 .2 4 :  T h e  in f lu e n c e  o f  the re la t iv e  d if fe r e n c e  b e tw e e n  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the in o c u lu m  m e d iu m  a n d  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m a in  c u ltu re  m e d iu m  o n  the y e a s t  e th a n o l 
p r o d u c t iv it y  d u r in g  b a tc h  fe rm e n ta tio n s .
Ethanol Productivity
In o cu lu m  M a g n es ium -C u ltu re  M agnes ium
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F i g u r e  3 .2 5 : T h e  in f lu e n c e  o f  the re la t iv e  d if fe re n c e  b e tw e e n  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the in o c u lu m  m e d iu m  a n d  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m a in  c u ltu re  m e d iu m  o n  the y e a st b io m a s s  y ie ld  
d u r in g  b a tc h  fe rm e n ta t io n s .
Biomass Yield
Inocu lum  M agnes ium -C u ltu re  M a g n e s iu m
F i g u r e  3 .2 6 :  T h e  in f lu e n c e  o f  the re la t iv e  d if fe re n c e  b e tw e e n  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the in o c u lu m  m e d iu m  a n d  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m a in  c u ltu re  m e d iu m  o n  the y e a s t  e th a n o l y ie ld  
d u r in g  b a tc h  fe rm e n ta t io n s .
Ethanol Yield
Inocu lum  M agnes ium -C u ltu re  M a g n e s iu m
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F i g u r e  3 .2 7 :  T h e  in f lu e n c e  o f  the re la t iv e  d if fe re n c e  b e tw e e n  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the in o c u lu m  m e d iu m  a n d  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m a in  c u ltu re  m e d iu m  o n  the y e a st e th a n o l p r o d u c t io n  
rate  d u r in g  b a tc h  fe rm e n ta tio n s .
Ethanol Production Rate
Inoculum Magnesium-Culture Magnesium
F i g u r e  3 .2 8 :  T h e  in f lu e n c e  o f  the re la t iv e  d if fe r e n c e  b e tw e e n  the in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the in o c u lu m  m e d iu m  a n d  th e  in it ia l  e x o g e n o u s  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the m a in  c u ltu re  m e d iu m  o n  th e  y e a s t  g lu c o s e  u p ta k e  rate  



















3.1.3. Magnesium Requirements within Complex Media
3.1 .3 .1 . Introduction
T h e  c h o ic e  o f  su b stra te  f o r  th e  p r o d u c t io n  o f  e th a n o l v ia  fe r m e n ta t io n  is  o f  c r it ic a l  
e c o n o m ic  im p o r ta n c e  as it  re p re s e n ts  th e  la rg e s t  f r a c t io n  o f  th e  p r o d u c t io n  co sts  
b e tw e e n  7 5%  a n d  85%  c o m p a r e d  to  le s s  th a n  50%  f o r  p e t r o c h e m ic a l e th a n o l ( Jo n e s  e t  
al.y 1 9 8 1 ). H o w e v e r ,  le g is la t iv e  d e m a n d s  c o n c e r n in g  p o ta b le  e th a n o l a n d  the e c o n o m ic  
n e c e s s ity  to f u l l y  u t i l is e  re s o u rc e s  e n s u re s  th at th e  p r o d u c t io n  o f  b io e t h a n o l c o n t in u e s . 
T h e  l im it e d  su b stra te  s p e c tru m  o f  e th a n o l- p ro d u c in g  y e a sts  d ic ta te s  th e  b io m a s s  
re s o u rc e  to b e  c o n v e r te d  ( E s s e r  &  S c h m id t ,  1 9 8 2 ). S. ce rev is ia e  is  u n a b le  to  fe r m e n t  
p e n to s e  su g a rs  a v a ila b le  f r o m  w o o d  h y d ro s y la te s ;  la c k s  d e p o ly m e r iz in g  e n z y m e s  f o r  
u se  o n  c e l lu lo s e  a n d  c a n n o t  d ir e c t ly  u t i l iz e  s ta rch  o r  d e x tr in s  (S te w a rt  &  R u s s e l l ,  1 986)  
m a k in g  su b stra te  p re p a ra t io n  e ss e n tia l. S u b s tra te s  c o n ta in in g  c e l lu lo s e  te n d  to  b e  
r e la t iv e ly  c h e a p  b e c a u s e  th e y  are  u s u a lly  w a ste  p ro d u c ts  su c h  a s s tra w , b a g a s se  o r  
w o o d - re m a in s  a lth o u g h  c o n s id e ra b le  co s ts  a re  in c u r re d  in  th e  c h e m ic a l  o r  p h y s ic a l  
tre a tm e n ts  n e c e s s a ry  to  c o n v e r t  th e  c e l lu lo s e  in to  fe rm e n ta b le  s u g a rs  ( C h a n g , B o d o e ,  &  
M o h a m m e d ,  1 9 8 1 ). S u c h  t ra n s fo rm a t io n s , at p re s e n t, c o n v e r t  o n ly  a  m a x im u m  o f  60%  
o f  th e  c e l lu lo s e  ( M a io r e l la ,  B la n c h ,  &  W i lk e ,  1 9 8 4 ). S ta rc h  h y d r o ly s is  a ls o  re q u ire s  
e la b o ra te  a n d  e x p e n s iv e  p re -tre a tm e n ts  ( E s s e r  &  S c h m id t ,  1 9 8 2 ) e x c e p t  w ith in  the  
b r e w in g  in d u s t ry  w h e re  c la s s ic a l m a lt in g  te c h n iq u e s  re d u c e  th e  c o s t  o f  o b ta in in g  
fe r m e n ta b le  su g a rs  ( M a c L e o d ,  1977; c ite d  b y  E s s e r  &  S c h m id t ,  1 9 8 2 ). A d d it io n a l  
e x p e n s e  is  o fte n  in c u r r e d  in  th e  f o r m  o f  a d d it iv e s  su ch  as n it r o g e n , p h o s p h a te  a n d  
v it a m in s ,  w h ic h  a re  re q u ire d  to  b r in g  th e  c h o s e n  su b stra te  u p  to  th e  g ro w th  
re q u ire m e n ts  o f  th e  y e a st . T r a n s p o r t  a n d  s to ra g e  c o s ts  as w e l l  as s e a s o n a l a v a i la b i l it y  
h a v e  a ll  to be  ta k e n  in to  a c c o u n t  w h e n  c a lc u la t in g  th e  e c o n o m y  o f  e th a n o l p r o d u c t io n  
f r o m  o rg a n ic  su b stra te s ; s m a ll  p la n ts  u s in g  lo c a l  m a te r ia ls  m a y  b e  m o r e  e c o n o m ic  th an  
la rg e  p la n ts  d e p e n d e n t  o n  m o r e  w id e s p re a d  s o u rc e s  ( B u 'L o c k ,  1 9 7 9 ).
P la n ts  are  c o m p le x  o rg a n is m s , f r o m  w h ic h  s ta rtin g  p o in t ,  a ll  th e  fa c to rs  
im p in g in g  o n  th e  p r o c e s s in g  o f  th e  c r o p  to  th e  e n d -p ro d u c t , su ch  as s e a s o n a l v a r ia t io n s ,  
h a rv e s t in g  te c h n iq u e s , s to ra g e , h a n d lin g  a n d  p ro c e s s in g  p a ra m e te rs , w i l l  e n h a n c e  the
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c o m p le x it y  o f  th e  b y - p ro d u c t ;  c o m m e n s u ra te  w ith  th e  d e g re e  o f  p u r it y  a c h ie v e d  in  the  
m a in  p ro d u c t . A  p r im e  e x a m p le  is  seen  in  th e  s u g a r-c a n e  c r o p , w h o s e  p u r if ic a t io n  le a d s  
to  r e f in e d  s u g a r  as th e  m a in  p r o d u c t  a n d  b la c k s t ra p  m o la s s e s  as th e  'w aste ' b y -p ro d u c t .
W it h  th is  c lo s e - l in k in g  o f  e th a n o l p r o d u c t io n  to  a g r ic u lt u r a l p r a c t ic e s ,  it  h a s  b e e n  
fo u n d  d e s ir a b le  to  m a in ta in  a  d e g re e  o f  f le x ib i l i t y  b e tw e e n  th e  d e m a n d s  o f  the p r im a r y  
p r o d u c t  a n d  th e  p r o d u c t io n  o f  a  g o o d  q u a lit y  fe rm e n ta b le  su b stra te  as an  in te g ra te d  
a p p ro a c h  a im s  to  re d u c e  in d iv id u a l  p r o d u c t io n  c o s ts  b y  in c re a s in g  th e  to ta l r e c o v e r y  o f  
a w id e r  ra n g e  o f  p r o d u c t io n s  ( B u 'L o c k ,  1 9 7 9 ).
T h e  a im  o f  m o s t  in d u s t r ia l fe rm e n ta t io n  p ro c e s s e s , re g a rd le s s  o f  th e  fe rm e n t in g  
su b stra te , is  to  m a x im iz e  th e  y ie ld  a n d  m in im iz e  su b stra te  w a ste . C u r r e n t  fe rm e n ta t io n  
p ro c e s s e s  are  a lre a d y  o p e ra t in g  at 9 0  to  95%  o f  th e  th e o re t ic a l y ie ld  a n d  h e n c e  no  
s ig n if ic a n t  g e n e t ic  im p r o v e m e n t  is  e x p e c te d  ( T y a g i ,  1 984) b u t  in s te a d , th e  fe rm e n ta t io n  
o f  h ig h - s u g a r  m e d ia  to  r e d u c e  d is t i l la t io n  c o s ts  is  a p r o m is in g  a re a  o f  in v e s t ig a t io n  
a lth o u g h  a l im it in g  fa c t o r  in  th e  fe rm e n ta t io n  o f  h ig h - g r a v ity  su b stra te s  is  a  lo s s  o f  c e l l  
v ia b i l i t y  ( D a y ,  A n d e r s o n ,  &  M a r t in ,  1975; c ite d  b y  S te w a rt , D 'A m o r e ,  P a n c h a l,  &  
R u s s e l l ,  198 8 ).
D e s p ite  th e  im p ro v e m e n t s  w h ic h  m a y  h a v e  o c c u rre d  in  s o m e  fe rm e n ta b le  
su b stra te s , m o la s s e s  m e d ia  is  s t il l  an e x t r e m e ly  c o m p le x  a n d  u n p re d ic t a b le  m a tr ix  
w h e re in  th e  s tu d y  o f  d ir e c t  c a u s a l re la t io n s h ip s  is  l im it e d . T h i s  is  in  p a r t  d u e  to the  
p re s e n c e  o f  la rg e  q u a n t it ie s  o f  o rg a n ic  a n d  p ro te in a c e o u s  m a te r ia l p o s s e s s in g  c h e la t in g  
l ig a n d s  s u c h  as R C O O " ,  R H N " ,  R S " ,  a n d  R O H " .  T h e  la rg e  q u a n t ity  o f  v a r io u s  c a t io n s  
p re s e n t  a re  b e lie v e d  to  e x h ib it  a w id e  d e g re e  o f  io n - io n  in te ra c t io n s  p o s s ib ly  re s u lt in g  
in  th e  re d u c e d  a v a i la b i l it y  o f  e ss e n tia l io n s  a lth o u g h  s o m e  b e n e f it  m a y  b e  g a in e d  
th ro u g h  th e  re d u c e d  t o x ic it y  o f  in h ib it o r y  io n s .  T h e  a s s u m p t io n  is  m a d e  th at m o la s s e s  
m e d ia  is  d e f ic ie n t  in  m a g n e s iu m  f o r  o p t im a l fe rm e n ta t io n  a n d  th at th e  d ir e c t  a d d it io n  o f  
m a g n e s iu m  m a y  c o m p e n s a te  f o r  a n y  d e f ic ie n c y  e x p e r ie n c e d  b y  th e  c e l l  b y  sa tu ra t in g  
th e  b u f fe r in g  c a p a c it y  o f  th e  c h e la t in g  ag e n ts .
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3.1 .3 .2 . M ethods
T h e  p r im a r y  c o n s id e ra t io n  in  e s ta b lis h in g  th e  m e t h o d o lo g y  w a s  that th e  
la b o ra to ry -b a s e d  fe rm e n ta t io n s  m u s t  c lo s e ly  a p p r o x im a te  c u rre n t  in d u s t r ia l m o la s s e s  
fe rm e n ta t io n s . T h i s  w a s  a c h ie v e d  b y  m o n it o r in g  B .  P . L t d 's  p r o d u c t io n  o f  p o ta b le  
e th a n o l f r o m  m o la s s e s  at th e ir  H u l l  W o r k s  ( C h e m ic a l  D iv is io n )  f o r  a  to ta l p e r io d  o f  s ix  
m o n th s .
Fermenter Set-up
T h e  fe rm e n te rs  w e re  se t-u p  as d e s c r ib e d  f o r  b a tch  fe rm e n ta t io n s  w ith in  a m in im a l  
m e d iu m :  s e c t io n  2. 1. 1.
Molasses Preparation
T h e  p ro c e d u r e  f o r  th e  p re p a ra t io n  o f  a  m o la s s e s  m e d iu m  w a s  as f o r  th e  m in im a l  
m e d iu m  (s e c t io n  2. 1.2) w ith  th e  e x c e p t io n  o f  th e  a c tu a l fo r m u la e  u se d  a n d  h e n c e  the  
a c tu a l c o n s t itu e n ts  u s e d . T h e  u se  o f  a  5 - lit re , v o lu m e t r ic  f la s k  s t il l  p e rm itte d  th e  
a c c u ra te  p r o d u c t io n  o f  s u f f ic ie n t  m o la s s e s  m e d iu m  n o t  o n ly  f o r  th e  re q u ire m e n ts  o f  th e  
m a in  fe rm e n te rs  b u t  a ls o  th e  p r e - in o c u la t io n  v e r if ic a t io n  s a m p le s . H o w e v e r ,  u n lik e  th e  
m in im a l  m e d iu m , th is  m e t h o d o lo g y  c o u ld  n o t  b e  u se d  to  s u p p ly  th e  m e d iu m  f o r  th e  
in o c u lu m , as a lo w e r  m o la s s e s  c o n c e n tra t io n  w a s  re q u ire d  to  a v o id  th e  C ra b t re e  E f f e c t ;  
a ls o , a  p h o s p h a te  a d d it io n  to  th e  in o c u la t in g  m e d iu m  w a s  re q u ire d  to e n h a n c e  c e l l  
g ro w th . T h e  in o c u la t in g  m e d iu m  w a s  th e re fo re  m a d e  u p  s e p a ra te ly  in  a  1- lit re  
v o lu m e t r ic  f la s k .
T h e  f o r m u la  f o r  th e  m o la s s e s  m e d iu m  w a s  as u se d  b y  B .P .  L t d  at th e ir  H u l l  
W o r k s  f o r  th e  p r o d u c t io n  o f  p o ta b le  e th a n o l, a n d  w a s  d e d u c e d  b y  a v e r a g in g  th e  
p e rt in e n t  d a ta  f r o m  th e  lo g s  k e p t  b y  th e  p la n t  o p e ra to rs . T h e  lo g s  u se d  c o v e re d  th e  
p ro c e d u r e s  f o r  a l l  fe rm e n ta t io n s  c a r r ie d  o u t  b y  th e  o p e ra to rs  f o r  th e  p r e c e d in g  y e a r;  
th e se  p ro c e d u r e s  b e in g  o f  a  f ix e d  n a tu re  a ro u n d  w h ic h  n o r m a l o p e ra t in g  d e v ia t io n s  
o c c u r r e d . D e t a i ls  o f  th e  a v e ra g e  m e d iu m  c o n s t itu t io n  f o r  th e  m a in  fe r m e n t in g  m e d iu m
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a re  s p e c if ie d  in  T a b le  3 .3 , w h ile  d e ta ils  f o r  th e  in o c u la t in g  m e d iu m  a re  g iv e n  in  T a b le
3 .4 .
Table 3.3: Procedure for the preparation of a molasses medium
C o n s t itu e n t Q u a n tity M e d iu m  L e v e ls
(F orm u lae) (G ram s con stitu en t add ed  to  5L (R esu ltan t con cen tration  o f
vo lu m etr ic ) c on stitu en ts)
M o la sse s 1 38 5  g 2 7 7  g /L  (S p e c if ic  G ravity  .1 .0 9 0 )
N itr o g e n 2 .1 5  g 0 .4 3  g /L
(N H U o S O ,
P h o sp h a te N o n e  ad d ed  at th is  s ta g e B ack gro u n d  L e v e ls
(N H Q o H P O ,
M a g n e s iu m E xp erim en t d ep en d en t B ack gro u n d  L e v e ls  +  A d d itio n s
M g S 0 , .7 H o 0
S ilic o n e  A n ti-F o a m 4 .0  m l 0 .8  m l/L
c o n e . S u lp h u r ic  A cid 3 .8 5  m l 0 .7 7  n il/L  (pH  . 4 .8 5 )
S t e r i l iz a t io n  o f  th e  in o c u la t in g  m e d iu m  w a s  c a r r ie d  o u t  at th e  H u l l  W o r k s  b y  
s p a rg in g  w ith  s te a m  f o r  6 h o u rs  th ro u g h  th e  a ir - s u p p ly  p ip e s  a n d  th e n  c o o l in g  b y  w a y  
o f  th e  c ir c u la t in g  w a te r-p ip e s . T h e  c lo s e s t  a p p r o x im a t io n  to  th is  w ith in  a  la b o ra to r y  
c o n te x t  w a s  to  h e a t th e  m e d iu m  in situ  u s in g  th e  e x te rn a l w a te r  ja c k e ts . H o w e v e r  th is  
p r o v e d  v e r y  d i f f i c u l t  to  su sta in  a n d  n o r m a l a u t o c la v in g  w a s  o p te d  f o r  in s te a d . N o  
s t e r il iz a t io n  o f  th e  m a in  fe rm e n t in g  m e d iu m  w a s  c a r r ie d  o u t e ith e r  at th e  H u l l  W o r k s  o r  
w ith in  th e se  la b o ra t o r y  fe rm e n ta t io n s .
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Table 3.4: Procedure for the preparation of molasses inoculating medium
C o n s t itu e n t Q u a n tity M e d iu m  L e v e ls
(F orm u lae) (G ram s c o n stitu en t add ed  to  1L (R esu ltan t con cen tration  o f
v o lu m etr ic ) con stitu en ts)
M o la ss e s 134  g 134 g /L  (S p e c if ic  G ravity  .. 1 .0 4 0 )
N itr o g e n 2 .1 2  g 2 .1 2  g /L
(NH„V>SO.,
P h o sp h a te 0 .2 8  g 0 .2 8  g /L
( N H ih H P O .i
M a g n e s iu m N o n e  A d d ed B ack grou n d  L e v e ls
M g S 0 i .7 H - ) 0
S ilic o n e  A n ti-F o a m 0 .8  m l 0 .8  m l/L
c o n e . S u lp h u r ic  A cid 0 .2 5  m l (pH  .4 .9 8 )
Inoculum
O n e  g ra m  o f  c o m p r e s s e d  w e t y e a st w a s  a s e p t ic a lly  r e m o v e d  f r o m  th e  c e n tre  o f  a 
l K g  b lo c k  a n d  tra n s fe rre d  d ir e c t ly  to  th e  fe rm e n te r  c o n ta in in g  th e  in o c u lu m  m e d iu m .  
T h i s  m e d iu m  w a s  c u ltu re d  u n d e r  m a x im u m  a e ra tio n  f o r  10 h o u rs  b e fo re  s u f f ic ie n t  
v o lu m e  w a s  r e m o v e d  to  in o c u la t e  th e  th re e  fe rm e n te rs  c o n ta in in g  th e  m a in  fe r m e n t in g  
m e d iu m . I n o c u la t io n  v o lu m e  w a s  at 4 .4 % v / v  w ith  b o th  in o c u la t in g  ra t io s  b e in g  
e q u iv a le n t  to  B .P . 's  p ro c e d u re .
Sampling Regime
S a m p le s  w e re  o b ta in e d  f o l lo w in g  th e  m e t h o d o lo g y  d e s c r ib e d  f o r  th e  b a tch  
fe rm e n ta t io n s  o f  m in im a l m e d ia  ( s e c t io n  2 .1 .4 ) .
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3.1 .3 .3 . Results and D iscu ssion
Magnesium Supplementations
T h e  d e lin e a t io n  o f  th e  m a g n e s iu m  re q u ire m e n ts  o f  S. cerev is ia e  w ith in  a m in im a l  
m e d iu m , th e  o b s e rv e d  e f fe c t  o f  th e  m a g n e s iu m  o n  th e  yeasts ' fe rm e n ta t iv e  p e r fo rm a n c e ,  
a n d  th e  k n o w n  p re s e n c e  o f  c h e la t in g  a g e n ts  w ith in  a  m o la s s e s  m e d iu m  le d  to the  
h y p o th e s is  th at in d u s t r ia l fe rm e n ta t io n s  o f  m o la s s e s  m a y  b e  l im it in g  f o r  m a g n e s iu m .  
H e n c e ,  d ire c t  s u p p le m e n ta t io n  o f  th e  m o la s s e s  m e d ia  w ith  m a g n e s iu m  s u lp h a te  
( M g S 04 .7H 20 ) w a s  c a r r ie d  o u t  in  a n  a tte m p t to  im p r o v e  th e  a b i l i t y  o f  th e  y e a st to  
fe r m e n t  th e  c o m p le x  m e d ia .
It w a s  fo u n d  th at th e  a d d it io n  o f  m o r e  th a n  4 0 ,0 0 0 | iM  m a g n e s iu m  to  a B r a z i l ia n  
m o la s s e s  m e d iu m  in c re a s e d  the ra te  o f  e th a n o l p r o d u c t io n  r e la t iv e  to  a n o n -  
s u p p le m e n te d  B r a z i l ia n  m o la s s e s  m e d iu m  w ith o u t  a c t u a lly  in f lu e n c in g  th e  to ta l a m o u n t  
o f  e th a n o l p r o d u c e d  a lth o u g h  a d e p re s s io n  o f  th e  f in a l  c e l l  c o n c e n tra t io n  a n d  the  
s p e c if ic  g ro w th  ra te  w a s  o b s e rv e d . In c re a s in g  th e  a d d it io n  le v e l to  2 ,5 0 0  x  1 0 ^ |iM  d id  
n o t  e n h a n c e  th e  e ffe c t .
T h e  e x p e r im e n ts  w e re  re p e a te d  u s in g  M g C l2-2H 20  w ith in  a B r a z i l ia n  m o la s s e s  
m e d iu m  a n d  th e  e n h a n c e d  ra te  o f  e th a n o l fo r m a t io n  w a s  a g a in  o b s e rv e d  in d ic a t in g  that 
it  w a s  th e  m a g n e s iu m  th at w a s  re s p o n s ib le  a n d  n o t  th e  a n io n .
H o w e v e r ,  it  w a s  fo u n d  th at th e  a d d it io n  o f  M g S 04 .7H 20  to  a  J a v a n  m o la s s e s  
m e d iu m  h a d  n o  d is c e r n ib le  e f fe c t  o n  a n y  fe rm e n ta t io n  p a ra m e te r  re la t iv e  to  a  n o n -  
s u p p le m e n te d  J a v a n  m o la s s e s  m e d iu m  d e s p ite  a d d it io n  le v e ls  in  e x c e s s  o f  2 5 0 ,0 0 0 p .M  
m a g n e s iu m .
A  s u m m a r y  o f  th e se  re s u lts  a re  p re s e n te d  in  T a b le  3 .5  b e lo w .
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Table 3.5: The influence of magnesium-supplementation on the growth rate and
ethanol productivities of yeast cultures grown in molasses media
M o la ss e s M a g n e s iu m
(M g S O ,.7 H o O )
E th a n o l P r o d u c t iv ity
(gE tO H /L /H our)
G r o w th  R a te
(1 /h ou rs)
B r a z ilia n C ontrol 0 .7 7 0 .0 5 9
4 0 ,0 0 0 |iM 1 .0 2 0 .0 4 7
2 .5 0 0  x  1 0 3 |iM 1.03 0 .0 4 6
J a v a n C ontrol 0 .7 2 0 .0 7 4
2 5 0 ,0 0 0 n M 0.71 0 .0 7 4
M a g n e s iu m - s u p p le m e n ta t io n s  w e re  c a r r ie d  o u t  o n  th e  in o c u la t in g  m e d iu m  w ith  
n o  d is c e r n ib le  d if fe r e n c e s  m a te r ia l is in g .
T h e  m a g n e s iu m - s u p p le m e n ta t io n  o f  c e r ta in  m o la s s e s  ty p e s  a p p e a rs  to  g iv e  a ra te  
e f fe c t  th at m a y  b e  re la te d  to th e  le v e ls  o f  s e q u e s te r in g  a g e n ts  p re s e n t an d /o r the  
m a g n e s iu m  le v e ls  a lre a d y  p re se n t; i.e . the  y e a st c e l ls  m a y  b e  h a v in g  to  " c o m p e te "  w ith  
th e  se q u e s tra n ts  f o r  th e  m a g n e s iu m . T h is  m a y  b e  re p re s e n te d : S e q u e s te r in g  L ig a n d - M g  
<==> S e q u e s te r in g  L ig a n d  + M g  < = = >  M g - C e l l .
Purification of Molasses Media
T h e  d if fe r e n c e s  in  g ro w th  a n d  fe rm e n ta t io n  p a ra m e te rs  e x h ib ite d  b y  th e  c u ltu re s  
w ith in  d if fe r e n t  m o la s s e s  m e d iu m s  is  o f  p r im e  in te re s t to in d u s t r ia lis ts  a n d  it  w a s  fe lt  
th a t d u e  to th e  c o m p le x  n a tu re  o f  th e  su b stra te  n o  d is t in c t  c a u s a l r e la t io n s h ip  c o u ld  b e  
d ir e c t ly  in fe r r e d  to  th e  m a g n e s iu m - s u p p le m e n ta t io n  e x p e r im e n ts .
F r o m  th e se  re s e rv a t io n s , th e  id e a  w a s  d e v e lo p e d  th a t th e  p u r if ic a t io n  o f  th e  
m o la s s e s  m e d iu m  in  te rm s  o f  th e  s e q u e n t ia l r e m o v a l o f  p a r t ic u la te s , c o l lo id s ,  s u s p e n d e d  
s o lid s  a n d  io n ic  fra g m e n ts  m ig h t  b e  a  w a y  o f  e s ta b lis h in g  c a u s a l re la t io n s h ip s .  H e n c e ,  
th e  s e q u e n t ia l f r a c t io n a t io n  o f  th e  m o la s s e s  m e d iu m  f o l lo w e d  b y  fe r m e n ta t io n  o f  the  
v a r io u s  fr a c t io n s  c o u ld  b e  u se d  as a  m e a n s  to  e x p lo r e  the d if fe r e n t  l im it a t io n s  e x is t in g
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w ith in  th e  m o la s s e s ; w h e th e r  th e y  b e  d ire c t  io n ic  l im it a t io n s  o r  in d ir e c t  se q u e s tra t io n  
e ffe c ts .
T h e  f r a c t io n a t io n  p ro c e s s  d e v e lo p e d  w a s  a  m ix tu re  o f  p h y s ic a l  m e th o d s  a n d  
c h e m ic a l  m e th o d s  a n d  is  p re s e n te d  in  F ig u r e  3 .2 9  b e lo w .
Figure 3.29: Schematic diagram of the fractionation process applied to a molasses 
medium
IVTolasses tVTedium
Continuous Centrifugation Rem oval o f  suspended solids
C la rified  IV Iolasses IVTedriim
Membrane Filtration (45/tM ) Rem oval o f  particulates and microorganisms




Rem oval o f  large proteins
P e r m e a te  H  IVIJVL
Cation-Exchange Resin 11 Rem oval o f  all "free" cations
Io n -E x ch a n g ed  1VI.1VI.
Addition o f  known quantities 
o f individual cations 'U'
S p ik e d  jVI.M .
T h e  f r a c t io n a t io n  p ro c e s s  w a s  m o n it o r e d  u s in g  the c o u lt e r  c o u n te r  a n d  it  w a s  
fo u n d  th a t a  d e f in ite  s e q u e n t ia l r e m o v a l o f  s o lid s  a n d  p a rt ic u la te s  o c c u r r e d . N o  e f fe c t  
o n  th e  fe rm e n ta b le  su g a rs  p re s e n t w ith in  th e  o r ig in a l  m e d iu m  w a s  o b s e r v e d  u n t il th e  
m e d iu m  w a s  io n - e x c h a n g e d  w h e re u p o n  th e  s u c ro s e  le v e ls  d e c re a s e d  s ig n if ic a n t ly .  
H o w e v e r ,  th e  q u a n t it ie s  o f  g lu c o s e  a n d  fr u c to s e  p re s e n t  in c re a s e d  p r o p o r t io n a t e ly  a n d  it  
is  b e lie v e d  th at th e  p ro to n s  re le a s e d  f r o m  th e  re s in  w e re  re s p o n s ib le  f o r  th e  h y d r o ly s is .  
T h e  le v e ls  o f  s o d iu m , p o ta s s iu m , a n d  c a lc iu m  w e re  a lte re d  b y  th e  fr a c t io n a t io n  p ro c e s s
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as d e ta ile d  in  T a b le  3 .6  b e lo w . T h e  th re e  c a t io n s  w e re  a n a ly s e d  u s in g  f la m e  
p h o to m e tr y :  a m e t h o d o lo g y  th at d o e s  n o t  d e te c t m a g n e s iu m  a n d  u n fo r t u n a t e ly ,  n o  A A S  
w a s  a v a i la b le  fo r  its  d e te c t io n .
Table 3.6: The effect of the fractionation process on the levels of total sodium, 
potassium, and calcium within the molasses medium
F r a c t io n a t io n  S tep S o d iu m  (p p m ) P o ta ss iu m  (p p m ) C a lc iu m  (p p m ) M a g n e s iu m  (p p m )
M o la sse s  M e d iu m 103 5 9 0 0 2 2 0 0 9 5 3
C e n tr ifu g e d  M e d iu m 95  (rem ov a l o f  8% ) 5 89 1  (rem ova l o f  
0.0% )
192 8  (rem oval o f  
12% )
?
P e r m e a te  I 86 (rem ov a l o f  9% ) 5 6 7 6  (rem ova l o f  4% ) 1821 (rem oval o f  6% ) ?
P e r m e a te  II 59  (rem ova l o f  31% ) 4 4 9 8  (rem ov a l o f  
21% )
1499  (rem oval o f  
18% )
7
I o n -E x c h a n g e d
M e d iu m
3 0 2 4  (ga in  o f  500 0 % ) 8 5 9  (rem ova l o f  81% ) 88 (rem oval o f  94% ) 7
T h e  v a r io u s  f r a c t io n s  o f  th e  m o la s s e s  m e d iu m  s e e m  to  b e  n o t  so  d if fe r e n t  w ith  the  
p ro c e s s e s  m e r e ly  r e m o v in g  th e  s u s p e n d e d  s o lid s .  T h e s e  su s p e n d e d  s o lid s  a p p e a r  to  
a c c o u n t  f o r  o n ly  a q u a rte r  o f  th e  to ta l io n s  w ith  th e  re m a in in g  th re e -q u a rte rs  o f  th e  io n s  
b e in g  c o n ta in e d  in  the fr a c t io n  se p a ra te d  o u t  b y  th e  io n - e x c h a n g e  c o lu m n . T h e  tra ce  
le v e ls  o f  io n s  r e m a in in g  in  the io n - e x c h a n g e  e f f lu e n t  a re  p r e s u m a b ly  th o se  io n s  w h ic h  
a re  b o u n d  to su b sta n ce s  w ith  s t ro n g e r  b in d in g  c o n sta n ts  th a n  th e  re s in . T h u s ,  e x tra  
la y e r s  o f  su b tle ty  a re  re q u ire d  to  p a r t it io n  th e  io n - e x c h a n g e  step; o n e  id e a  b e in g  to use  
re s in s  w ith  in c re a s in g  b in d in g  co n sta n ts .
T h e  v a r io u s  f r a c t io n s  w e re  th e n  fe rm e n te d  to  d e te rm in e  w h e th e r  th e  f r a c t io n a t io n  
p ro c e s s e s  h a d  a n y  e f fe c t  o n  th e  n o r m a l g ro w th  a n d  fe rm e n ta t io n  o f  th e  y e a s t  c u ltu re . A  
s u m m a ry  o f  th e  re s u lts  is  p re s e n te d  in  T a b le  3 .7  b e lo w .
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Table 3.7: The effect of the fractionation process on the growth rate and ethanol
productivities of yeast cultures grown within the resultant molasses fractions
F r a c t io n a t io n  S tep E th a n o l P r o d u c t iv ity  (gE tO H /L /H our) G r o w th  R a te  (1 /h ou rs)
M o la sse s  M e d iu m 1.23 0 .1 1 1
C e n tr ifu g e d  M e d iu m 1.27 0 .1 1 5
P e r m e a te  I 1 .18 0 .1 0 8
P e r m e a te  II 1 .09 0 .1 0 5
I o n -E x c h a n g e d  M e d iu m 0 .8 2 0 .0 4 1
A  s l ig h t  im p r o v e m e n t  in  y e a s t  p e r fo r m a n c e  is  o b s e rv e d  w h e n  th e  m o la s s e s  
m e d iu m  is  c e n tr ifu g e d  b u t th e re a fte r  p e r fo r m a n c e  d ro p s  as the m e d iu m  is  fu r th e r  
f ra c t io n a te d  w ith  th e  m o s t  s ig n if ic a n t  lo s s  in  p e r fo r m a n c e  o c c u r r in g  a fte r  th e  
d e io n iz a t io n  step . T h e  c h a n g e s  in  p e r fo r m a n c e  b r o a d ly  c o r re la te  w ith  th e  c h a n g e s  in  
th e  to ta l c a t io n  le v e ls  as d e ta ile d  in  T a b le  3 .3  a lth o u g h  a g a in , n o  d ir e c t  c a u s a l 
re la t io n s h ip  h a s  b e e n  d e m o n s tra te d . T h e  n e x t  lo g ic a l  step f o r  th is  w o r k  is  to  a d d  b a c k  
o r  " s p ik e "  th e  io n - e x c h a n g e d  m e d iu m  w ith  s p e c if ic  c a t io n s  a n d  a s c e rta in  w h ic h  c a t io n  
h a s th e  g re a te s t e f fe c t  o n  y e a s t  fe rm e n ta t io n  p a ra m e te rs .
T h i s  w o r k  w a s  p la n n e d  ( re fe r  to  F ig u r e  3 .2 9  a b o v e )  b u t  w a s  n o t  p o s s ib le  w ith in  
the t im e s c a le  a v a ila b le .  A  fu rth e r  e x te n s io n  to  th is  w o r k  w o u ld  b e  to  a s c e rta in  w h e th e r  
th e  m a g n e s iu m  u p ta k e  p a tte rn s  a re  s im i la r  to  th o se  id e n t if ie d  w ith in  m in im a l  m e d iu m  
w ith  th e  in te n t io n  o f  o p t im iz in g  th e  t im in g  o f  th e  m a g n e s iu m  s u p p le m e n ta t io n s .
T h e  re s u lts  f r o m  th e  c o n d it io n in g  e x p e r im e n t  ( s e c t io n  3 .1 .2 )  a ls o  in d ic a te  th at it  
m a y  b e  p o s s ib le  to  p r im e  th e  c e l ls  w ith in  th e  in o c u la t in g  m e d iu m  to  fe r m e n t  th e  m a in  




S tu d ie s  o n  the g ro w th  a n d  m e ta b o lis m  o f  m ic r o - o r g a n is m s  f r e q u e n t ly  use  c lo s e d  
s y s te m s  o f  fe rm e n ta t io n  ( B u l l ,  1 9 7 4 ). H o w e v e r ,  the  d ata  f r o m  s u c h  s y s te m s  te n d s  to be  
e m p ir ic a l  a n d  re la t iv e  ( D a w s o n , 1 9 8 5 ) as the e n v ir o n m e n ta l c o n d it io n s  are  c o n s ta n t ly  
b e in g  a lte re d  b y  the c e ll 's  m e ta b o lic  a c t iv it ie s , w ith  the c e l l  c o n t in u a lly  a d ju s t in g  its  
m e ta b o lis m  to the c h a n g in g  c o n d it io n s  ( M c D o n a ld  a n d  T s a i ,  1 9 8 9 ). T h e s e  tra n s ie n t  
c o n d it io n s  re s u lt  in  a 'h is to ry ' o f  g ro w th  f o r  the c e l l  p o p u la t io n  ( B u l l ,  1 9 7 4 ), in a d e q u a te  
r e p r o d u c ib i l it y  ( D a w s o n , 1985) a n d  d i f f ic u l t y  in  a s s e s s in g  c a u s a l re la t io n s h ip s  
( M c D o n a ld  a n d  T s a i ,  1989) b e tw e e n  g ro w th  ra tes a n d  n u tr ie n t  p a ra m e te rs  ( D a w s o n ,
1 985). O p e n  s y s te m s  c ir c u m v e n t  th ese  p ro b le m s  b y  m a in t a in in g  a ll  the c o n d it io n s  f o r  
g ro w th  at c o n s ta n t  le v e ls ,  e n s u r in g  th at the c e l ls  are k e p t  b io c h e m ic a l ly  a n d  
p h y s io lo g ic a l ly  c o n s ta n t  f o r  an in d e f in it e  t im e , i.e . w ith o u t  a  'h is to ry ' ( B u l l ,  197 4 ). T h is  
g iv e s  c o n t r o lla b le  a n d  re p r o d u c ib le  re s u lts  a n d  p e rm its  the s y s te m a t ic  s tu d y  o f  the  
e ffe c ts  o f  in d iv id u a l  e n v ir o n m e n ta l p a ra m e te rs  o n  a n y  o rg a n is m  p ro p e rty  (v a n  D ij k e n  at 
c//., 19 9 0 ; B u l l ,  1974).
C o m p r e h e n s iv e  re v ie w s  o f  th e  p r in c ip le s  an d  a p p lic a t io n s  o f  c o n t in u o u s  c u ltu re  
are a v a ila b le  in  the lite ra tu re  ( D a w s o n ,  1985; P ir t , 1975; B u l l ,  1974; H e r b e r t ,  1964; 
J a m e s , 1 9 6 1 ) a n d  th e re fo re  o n ly  a s u m m a r y  o f  the m a in  p r in c ip le s  is  p re se n te d  h ere .
M o n o d 's  p r in c ip le  that the s tu d y  o f  g ro w th  is  b a s ic  to the d is c ip l in e  o f  
m ic r o b io lo g y  ( M o n o d ,  1949; c ite d  b y  D a w s o n ,  1985) w a s  th e  s ta rt in g  p o in t  f o r  the  
d e v e lo p m e n t  o f  the th e o ry  o f  c o n t in u o u s  c u ltu re  ( D a w s o n , 1 9 8 5 ). T h e  M o n o d  m o d e l  
re la te s  the g ro w th  o f  a m ic r o - o r g a n is m  in  a s im p le  d e f in e d  m e d iu m , u n d e r  c o n s ta n t  
e n v ir o n m e n ta l c o n d it io n s ,  to  the c o n c e n tra t io n  o f  a  l im it in g  n u tr ie n t , p r o v id e d  a ll  o th e r  
g ro w th  re q u ire m e n ts  are  p re se n t in  e x c e s s  ( M o n o d ,  1 9 50; c ite d  b y  D a w s o n ,  1 9 8 5 ). T h e  
m o d e l a s s u m e s  th at the c e l ls  are  d e v e lo p in g  in  a  u n ifo r m  m a n n e r  u n d e r  c o n d it io n s  o f  
'b a la n c e d ' g r o w t h , i.e . a ll the m o le c u la r  s p e c ie s  o f  the c e l l  a re  in c r e a s in g  at th e  sa m e
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ra te  a n d  th at th e re  are  n o  v a r ia t io n s  o r  c h a n g e s  in  th e  c e l l  p o p u la t io n  w ith  g ro w th  ra te  
( B u l l ,  1 9 7 4 ).
M o n o d s '  r e c o g n it io n  o f  th e  r o le  o f  the l im it in g  n u tr ie n t  in  th e  c o n t r o l  o f  m ic r o b ia l  
g ro w th  w a s  e x te n d e d  b y  H e r b e r t ,  E ls w o r t h ,  &  T e l l in g  (1 9 5 6 )  w h o  p e rc e iv e d  th at  
c o n t r o l o v e r  the s u p p ly  o f  th e  l im it in g - n u t r ie n t  c o u ld  b e  a c h ie v e d  th ro u g h  th e  sy s te m  o f  
c u lt iv a t io n .  N o v ic k  a n d  S z i la r d  (1 9 5 0 ; c ite d  b y  F ie c h t e r  e t a l ,  1 9 8 7 ) h a d  a lre a d y  
d e v e lo p e d  a w a y  o f  e s t a b lis h in g  the c o n t in u o u s  g ro w th  o f  a  m ic r o - o r g a n is m  as a n  
e q u i l ib r iu m  c o n d it io n  b y  e n s u r in g  th at c u ltu re  v o lu m e  a n d  c e l l  d e n s ity  w e re  k e p t  
c o n s ta n t  b y  the c o n t in u a l a d d it io n  o f  m e d iu m  a n d  r e m o v a l o f  a n  e q u a l v o lu m e  o f  
c u lt u re .  W it h in  the 'c h e m o s ta t', the  s p e c if ic  g ro w th  ra te  (|i) o f  the c e l ls  is  f ix e d  b y  th e  
c o n c e n t ra t io n  o f  the l im it in g  n u tr ie n t  w h o s e  le v e l  is  d e te rm in e d  b y  th e  ra te  o f  a d d it io n  
(F )  o f  th e  m e d iu m  as a  ra t io  o f  th e  c u ltu re  v o lu m e  ( V )  ( H e rb e r t , 1 9 5 8 ). T h i s  ra t io  is  
te rm e d  the 'd ilu t io n  ra te ', D ,  w h e re  D  = F / V .  F o r  a n y  g iv e n  v a lu e  o f  D ,  th e  s y s te m  w i l l  
s e lf- re g u la te  as a  re s u lt  o f  th e  n u tr ie n t - lim it a t io n  u n t i l  a l l  v a r ia b le s  re m a in  c o n s ta n t  
d e s p ite  th e  f lu x  o f  m a te r ia ls  a n d  \i  b e c o m e s  e q u a l to  D  ( H e rb e r t , 1 9 6 4 ), i.e . a  's te a d y -  
state' is  re a c h e d . T h is  s te a d y -s ta te  re la te s  th e  c o n d it io n s  o f  c u lt u re  d ir e c t ly  to  th e  
g ro w th  ra te  o f  th e  o rg a n is m  a n d  h e n c e  to  the c e l l  it s e lf ,  a  r e la t io n s h ip  a b se n t d u r in g  
b a tc h  g ro w th  ( T e m p e s t ,  1 9 7 0 ). H e n c e ,  the s y s te m a t ic  e v a lu a t io n  ( H e rb e r t  e t a l ,  1 9 5 6 )  
o f  th e  e f fe c t  o f  c h a n g e s  in  g ro w t h  ra te  o n  c e l l  m o r p h o lo g y ,  p h y s io lo g y  a n d  m e ta b o lis m  
is  p o s s ib le .
Q u a n t ita t iv e  re la t io n s h ip s ,  b a s e d  o n  g ro s s  c e l lu la r  p ro p e rt ie s  s u c h  as m a s s , s iz e ,  
a n d  a g e , f o r  v a r io u s  o rg a n is m s  a n d  l im it in g  su b stra te s  w e re  fo u n d  to  h o ld  to  th e  M o n o d  
m o d e l ( H e rb e r t , 1 9 5 8 ). H o w e v e r ,  d e v ia t io n s  f r o m  the o r ig in a l  m a th e m a t ic a l m o d e l  
w e re  o b s e rv e d  w h e re b y  q u a lit a t iv e  c h a n g e s  o c c u r r in g  b e tw e e n  s p e c i f ic  g ro w th  ra te s  
u n d e r  c a r b o n - lim it a t io n  ( H e rb e r t , 1 9 61; H e r b e r t  e t a l ,  1 9 5 6 ) w e re  d if fe r e n t  to  c h a n g e s  
o c c u r r in g  u n d e r  n it r o g e n - l im it a t io n  ( T e m p e s t  a n d  H e r b e r t , 1 9 6 5 ; H e r b e r t ,  1 9 6 1 ). T h e s e  
a n d  o th e r  e m e rg in g  d if fe r e n c e s , in d ic a te d  th a t g ro w th  w a s  n o t  u n if o r m  o v e r  a  ra n g e  o f  
g ro w th  ra te s , a n d  w e re  a s c r ib e d  b y  M a le k  (1 9 5 8 ; c ite d  b y  D a w s o n ,  19 8 5 ) to  the  
n e g le c te d  im p o r ta n c e  o f  th e  'p h y s io lo g ic a l  c h a ra c te r is t ic s ' o f  a c u ltu re .  T h e  id e a  o f  th e
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'p h y s io lo g ic a l  state' w a s  in t r o d u c e d  to e n c o m p a s s  th e  n o n -q u a n t ita t iv e , u n d e r ly in g  
m e t a b o lic  a n d  p h y s io lo g ic a l  a sp e c ts  o f  g ro w th  ( M a le k ,  1 9 5 8 ; c ite d  b y  D a w s o n ,  19 8 5 )  
a lth o u g h  the c o n c e p t  re m a in s  n e b u lo u s  a n d  p o o r ly  u n d e rs to o d .
B u l l  (1 9 7 4 )  re v ie w s  th e  p o te n t ia l re a s o n s  f o r  n o n - id e a l b e h a v io u r  w h ils t  H a r r is o n  
a n d  T o p iw a la  (1 9 7 4 )  o b s e rv e  th a t e x p e r im e n ta l d a ta  are  r a r e ly  in  a c c o r d  w ith  s im p le  
u n s tru c tu re d  m o d e ls  o f  m ic r o b ia l  b e h a v io u r  a n d  th at the d e v ia t io n s  o b s e r v e d  " in d ic a te  
c o m p le x  re g u la to ry  m e c h a n is m s  a t s e v e ra l m e ta b o lic  le v e ls " .
T h e  d y n a m ic  b e h a v io u r  o f  c o n t in u o u s  c u ltu re s  w a s  r e v ie w e d  b y  H a r r is o n  a n d  
T o p iw a la  (1 9 7 4 )  w h o  p ro p o s e  th e  s tu d y  o f  tra n s ie n t  re s p o n s e s  to  p e r tu rb a t io n s  o f  the  
s te a d y -s ta te  as a w a y  to  e x a m in e  th e  c o n t ro l m e c h a n is m s  o f  a  c e l l ’s m e ta b o lis m  th at a re  
n o t u s u a lly  e v id e n t  d u r in g  s te a d y -s ta te  m e a s u re m e n ts . H e n c e ,  th e  e lu c id a t io n  o f  
u n id e n t if ie d  c o m p o n e n ts  a n d  b io c h e m ic a l  p a th w a y s  is  p o s s ib le  b y  o b s e r v in g  th e  
tra n s ie n t  f lu x e s  o f  c e l l  c o n s t itu e n ts  as a  re s p o n s e  to  th e  n u tr ie n t  p u ls e s  ( B u l l ,  1 9 7 4 ). 
F o r  e x a m p le ,  the t ra n s it io n  o f  S. carlsb erg en sis  f r o m  a e ro b io s is  to  a n a e ro b io s is  (P y e ,  
1 9 6 9 ; c ite d  b y  H a r r is o n  &  T o p iw a la ,  1974) r e v e a le d  a  r e c o v e r y  o f  th e  s y s te m  f r o m  th e  
p e rtu rb a t io n  w ith in  m in u te s  ra th e r  th a n  h o u rs  th at in d ic a te d  an  a llo s t e r ic  re s p o n s e  ra th e r  
th a n  an  in d u c t io n  o r  re p re s s io n  m e c h a n is m .
S te a d y -s ta te  re s p o n s e s  to in c re a s e s  in  th e  c o n c e n tra t io n  o f  th e  c a r b o n  s o u rc e  w e re  
u se d  to  d e v e lo p  a te c h n iq u e  f o r  m e d ia  o p t im iz a t io n  ( M a t e le s  a n d  B a tta t , 1 9 7 4 ). O t h e r  
a p p lic a t io n s  o f  the c h e m o s ta t  in c lu d e  s tu d ie s  o f  the im p o r ta n c e  o f  su b stra te  
c o n c e n t ra t io n  o n  e n z y m e  s y s te m s  ( F e n c l  a n d  P a z la r o v a ,  1 9 8 2 ; M a t in ,  1 9 8 1 ; B u l l  a n d  
B r o w n ,  1 9 79; M e l l in g ,  1 9 7 7 ; S ik y t a  a n d  F e n c l ,  1 9 7 6 ; D e a n ,  1 9 7 2 ; c ite d  b y  D a w s o n ,
1 9 8 5 ); re g u la to ry  p h e n o m e n a  ( D a w e s , 1 9 8 1 ; T e m p e s t  a n d  N e ijs s e l ,  1 9 7 6 ; T e m p e s t ,  
M e e r s ,  &  B r o w n ,  1 9 7 3 ; c ite d  b y  D a w s o n ,  1 9 8 5 ); t o x ic it y  ( M e l l in g ,  1 9 7 7 ; c ite d  b y  
D a w s o n ,  1 9 8 5 ); n u tr ie n t  u p ta k e  p a th w a y s , e .g . g lu ta m a te  s y n th e s is  ( B u l l  a n d  B r o w n ,  
1 9 7 9 ; T e m p e s t  e t a l ,  1 9 7 3 ; c ite d  b y  D a w s o n ,  1 9 8 5 ); a n d  g e n e t ic  a sp e c ts  ( D y k h u iz e n  
a n d  H a r d ,  1 9 8 3 ; C a lc o t t ,  1 9 8 1 ; c ite d  b y  D a w s o n ,  1 9 8 5 ).
T h e  f u n c t io n  a n d  o c c u r r e n c e  o f  s e c o n d a r y  m e ta b o lis m  h a v e  b e e n  in v e s t ig a te d  
u s in g  th e  c h e m o s ta t  to  e x p lo r e  th e  r e la t io n s h ip  b e tw e e n  the l im it in g  su b stra te  a n d
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g ro w th  rate  o f  G ib b erc lla  f iijik u ro i  w h e re  it  w a s  fo u n d  th at th re e  d if fe r e n t  ty p e s  o f  
s e c o n d a r y  c a rb o n  m e ta b o lite s , n o r m a lly  s u p p re s s e d  d u r in g  n o n - lim ite d  g ro w th , w e re  
fo rm e d  at d if f e r in g  d e g re e s  o f  g ro w th  lim it a t io n  ( B u 'L o c k ,  D e t r o y ,  H o s t la e k ,  M u n im -  
a l- S h a k a r c h i,  1974; c ite d  b y  D a w s o n ,  1985). It w a s  su g g e ste d  ( B u 'L o c k ,  1 9 7 3 ; c ite d  b y  
D a w s o n , 1 985) that the re le v a n t  g e n e s  are  d if fe r e n t ia l ly  s e n s it iv e  to the le v e ls  o f  
n u tr ie n t  l im it a t io n  th at is  it s e lf  an  e f fe c to r  o r  in d e x  o f  a  c o m m o n  m e c h a n is m  o f  'g ro w th  
s u p p re s s io n ' that a cts  as an o v e r a l l  re g u la t in g  d e v ic e  to h a r m o n iz e  the a c t iv it ie s  o f  
s e c o n d a r y  b io s y n th e s is  w ith  r e p lic a t o r y  g ro w th  ( B u 'L o c k ,  1975; c ite d  b y  D a w s o n ,
1985). T h e  p attern  o f  s e c o n d a r y  m e ta b o lis m  is  d e te rm in e d  n o t  o n ly  b y  the p re s e n c e  o f  
a l im it  o n  r e p lic a t o r y  g ro w th  b u t a ls o  b y  the in te n s ity  a n d  n a tu re  o f  the lim it a t io n .
3.2.2. Chemostat Dilution Rates
3.2 .2 .1 . Introduction
T h e  e s ta b lis h m e n t  o f  a  c h e m o s ta t  u s in g  m a g n e s iu m  as the l im it in g  n u tr ie n t  w as  
se e n  to be a w a y  o f  s tu d y in g  the y e a s t  c e l l 's  m o r p h o lo g y ,  p h y s io lo g y  a n d  m e ta b o lis m  at 
d if fe r e n t  le v e ls  o f  g ro w th  u n d e r  ste a d y -s ta te  c o n d it io n s .  A c c o r d in g  to  th e  lite ra tu re  
re v ie w e d  in  s e c t io n  3 .2 .1 , th is  te c h n iq u e  s h o u ld  c ir c u m v e n t  the p ro b le m s  o f  
r e p r o d u c ib i l it y ,  r e l ia b i l i t y  a n d  in te rp re ta b il ity  a s s o c ia te d  w ith  n o n -s te a d y -s ta te  b atch  
c u ltu re s  ( M e y e r  e.t aL, 198 5 ). T h e  a s se s sm e n t o f  the r e la t io n s h ip  b e tw e e n  the  
p h y s io lo g ic a l  state o f  the c e l l  p o p u la t io n  a n d  the l im it in g  n u tr ie n t  in c lu d e d  the  
m o n it o r in g  o f  g ro s s  p o p u la t io n  p ro p e rt ie s  su c h  as b io m a s s , c e l l  n u m b e rs , c e l l  s iz e , and  
y ie ld  c o - e f f ic ie n t s  as in d ic a to rs  o f  p h e n o t y p ic  a c t iv it ie s ;  s t o ic h io m e t r ic  p a ra m e te rs  as a 
w a y  o f  d e te r m in in g  the fa te  o f  th e  m a g n e s iu m ; a n d  m e ta b o lic  v a r ia b le s  s u c h  as the rate  
o f  o x y g e n  u p ta k e , g lu c o s e  c o n s u m p t io n , a n d  e th a n o l s y n th e s is  as in d ic a to rs  o f  
re s p ira to ry  an d  fe rm e n ta t iv e  b e h a v io u r .
T h e  o b je c t iv e  o f  the e x p e r im e n ts  d e ta ile d  b e lo w  w a s th e  c h a ra c te r iz a t io n  o f  a 
p o p u la t io n  o f  m a g n e s iu m - lim ite d  c e l ls  f o r  a  ra n g e  o f  b a la n c e d  g ro w th  ra te s . T h e  
e x p e c ta t io n  w a s  th at b e ca u se  g ro w th  w a s  c o n t r o lle d  b y  m a g n e s iu m  th e n  th e  ro le  o f
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m a g n e s iu m  w ith in  the c e l l  w o u ld  be re f le c te d  b y  the m e a s u ra b le  c h a ra c te r is t ic s  o f  the  
c e l l  p o p u la t io n .
T h e  re s u lts  f r o m  th e  b a tc h  c u ltu re s  ( s e c t io n  3 .1 .1 )  w e re  u s e d  to  e st im a te  the  
c o n c e n t ra t io n  o f  m a g n e s iu m  w ith in  the in f lo w in g  m e d iu m  n e c e s s a ry  to  l im it  g ro w th  o f  
the c e l ls  w ith in  the c h e m o s ta t . F r o m  th ese  b a tc h  re s u lts , the  l in e a r  d e c lin e  in  g ro w th  
rate  o c c u r s  b e lo w  2 5 0 ( iM  a n d  th e re fo re  a m a g n e s iu m  c o n c e n tra t io n  o f  90|aM  w ith in  the  
c h e m o s ta t  m e d iu m  w a s  e s t im a te d  to  be s u f f ic ie n t ly  l im it in g .  F r o m  th e  th e o ry  re v ie w e d  
in  s e c t io n  3 .2 .1  it  w o u ld  b e  e x p e c te d  that the a c tu a l c o n c e n tra t io n  o f  m a g n e s iu m  used  to  
l im it  the g ro w th  o f  the p o p u la t io n  w o u ld  be ir re le v a n t  p r o v id e d  th e  c o n c e n tra t io n  is  
l im it in g ,  h o w e v e r , a  lo w e r  c o n c e n tra t io n  o f  l im it in g - m a g n e s iu m  (5 0 |llM )  h a d  to be u sed  
as 9 0 |liM  w a s  fo u n d  to b e  in s u f f ic ie n t ly  l im it in g .
3.2 .2 .2 . M ethods
T h e  c h e m o s ta t  se t-u p  h a s  b e e n  d e ta ile d  in  s e c t io n  2 .2 .1 ; th e  m e d iu m  p re p a ra t io n  
in  s e c t io n  2 .2 .2 ; the in o c u lu m  p re p a ra t io n  in  s e c t io n  2 .2 .3 ; a n d  th e  s a m p lin g  re g im e  in
2 .2 .4 . A n a ly s e s  o f  s a m p le s  h a v e  b e e n  c o v e re d  in  s e c t io n  2 .3 .
C o n t in u o u s  c u ltu re  w a s  in it ia te d  as d e s c r ib e d  in  s e c t io n  2 .2 .3  w h e re u p o n  the  
c h e m o s ta t  w a s  s a m p le d  at the lo w e s t  d ilu t io n  ra te  o f  0 .0 5 h r s " l  a n d  th en  a llo w e d  to  
r e c o v e r  f r o m  the e f fe c t  o f  s a m p lin g  o v e r  a p e r io d  o f  f o u r  c h e m o s ta t  v o lu m e s . A  s e c o n d  
s a m p le  w a s th en  ta k e n  a n d  a g a in  a re - e q u il ib r a t io n  p e rm itte d  b e fo re  a  th ird  s a m p le  w a s  
r e m o v e d  f r o m  the c h e m o s ta t  w h e re u p o n  the d i lu t io n  rate w a s  in c re a s e d  to  0. lO h r s ' l  
an d  th e  sy s te m  a llo w e d  to  e s ta b lis h  a  n e w  s te a d y  state. T h e  s a m p lin g  p ro c e d u re  w a s  
re p e a te d  at th is  n e w  d ilu t io n  ra te  an d  at the d ilu t io n  rates o f  0 .1 5 , 0 .2 0 , 0 .2 5 , an d
0 .3 0 h r s _1.
T h i s  p ro c e d u re  w a s  c a r r ie d  o u t u s in g  an  e x o g e n o u s  m a g n e s iu m  c o n c e n tra t io n  o f  
9 0 | iM  w ith in  the m e d iu m  r e s e r v o ir  a n d  th en  re p e a te d  u s in g  a  c o n c e n tra t io n  o f  60|aM  
f o l lo w e d  b y  a th ird  tr ia l at 50|aM .
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3.2 .2 .3 . Results and D iscussion
Magnesium Limitation at 50pM
T h e  re s u lts  d e ta il s e v e ra l d ir e c t ly  m e a s u re d  fe rm e n ta t iv e  a n d  re s p ira t iv e  a sp e cts  
o f  the c o n t in u o u s , m a g n e s iu m - lim ite d  g ro w th  o f  a  c e l l  p o p u la t io n  o f  S. cerev is ia e  
w ith in  a c h e m o s ta t  s u p p lie d  w ith  the m in im a l m e d iu m  u se d  d u r in g  the b a tch  s tu d ie s  
( s e c t io n  3 .1 .1 ) . A l s o  p re se n te d  are  s e v e ra l d e r iv e d  p a ra m e te rs  c a lc u la te d  fr o m  th ese  
re s u lts . T h e  re s u lts  f o r  th e  m a g n e s iu m  lim it a t io n  at 6 0 p M  are  n o t  p re se n te d  h e re  as the  
tre n d s  are  id e n t ic a l to  th o se  a p p e a r in g  at 5 0 p M  lim ita t io n .
C h a n g e s  in  the m e a s u re d  p a ra m e te rs  ( c e ll  c o n c e n tra t io n , m e d iu m  a b s o rb a n c e , c e l l  
d ry  w e ig h t , m e a n  c e l l  v o lu m e , m e d iu m  e th a n o l, g lu c o s e , a n d  m a g n e s iu m , c e l lu la r  
m a g n e s iu m  le v e ls ,  o x y g e n  u p ta k e  rate , m e d iu m  p H  a n d  o x y g e n  le v e ls )  as a fu n c t io n  o f  
the m a g n e s iu m - c o n tr o l le d  g ro w th  rate  are  s h o w n  in  F ig u r e s  3 .3 0 , 3 .3 1 , 3 .3 2 , 3 .3 3 , 3 .3 4 ,  
3 .3 5 . 3 .3 6 , 3 .3 7 , 3 .3 8 , 3 .3 9 , 3 .4 0 , 3 .4 1 , 3 .4 2 , a n d  3 .4 3  r e s p e c t iv e ly .  T h e  e f fe c t  o f  
g ro w th  rate on  the d e r iv e d  v a r ia b le s  o f  b io m a s s  a n d  e th a n o l y ie ld s  ( fo r  g lu c o s e  an d  
m a g n e s iu m ) , e th a n o l p ro d u c t io n  an d  g lu c o s e  u p ta k e  are  s h o w n  in  F ig u r e s  3 .4 4 , 3 .4 5 ,  
3 .4 6 , 3 .4 7 , 3 .4 8 , a n d  3 .4 9  re s p e c t iv e ly .
In the in te rp re ta t io n  o f  c h e m o s ta t  d a ta  it  is  n e c e s s a ry  to  u t il is e  the p r in c ip le  
d e r iv a t io n s  f r o m  th e  b a tc h  s tu d ie s  ( B u l l ,  1 974); n a m e ly  the m a x im a l g ro w th  rate  
(M -m ax)’ tlle  su b stra te  s a tu ra t io n  co n s ta n t  ( K s ), a n d  the g ro w th  y ie ld  ( Y ) .  O f  th ese , 
P-m ax p ro v id e s  a re fe re n c e  p o in t  f r o m  w h ic h  to  in te rp re t  th e  c o n t in u o u s  c u ltu re  re s u lts  
w h e re b y  at d ilu t io n  ra te s g re a te r  th an  p m a x  (0.200h r s " l)  w a s h o u t  is  e x p e c te d  an d  at 
d ilu t io n  rates le s s  th a n  |im a x  d e v ia t io n s  f r o m  the th e o re t ic a l c u r v e s  a re  m o re  e a s ily  
id e n t if ia b le .
T h e  p r im a r y  o b s e r v a t io n  is  th at th e  c e l l  p o p u la t io n  is  m a g n e s iu m - lim ite d  as 
in d ic a te d  b y  the lo w  re s id u a l e x o g e n o u s  m a g n e s iu m  w ith in  th e  c h e m o s ta t  ( F ig u r e  3 .3 6 )  
re la t iv e  to the m a g n e s iu m  c o n c e n tra t io n  w ith in  the re s e rv o ir  m a g n e s iu m  ( F ig u r e  3 .3 7 ) .  
T o  s u p p o rt  th is  c o n c lu s io n ,  F ig u r e  3 .3 5  in d ic a te s  th at the c u ltu re  is  n o t  g lu c o s e - lim it e d
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at a n y  d ilu t io n  ra te  tested  n o r  is  o x y g e n  a l im it in g  fa c t o r  ( F ig u r e  3 .4 3 )  a lth o u g h  the  
m e d iu m  is  s t ro n g ly  d e p le te d  o f  o x y g e n  at the h ig h e r  g ro w th  ra tes.
F r o m  th e  p re m is e  th at the c e l ls  are  in  a  state o f  m a g n e s iu m - lim ite d  g ro w th , the  
s e c o n d  o b s e rv a t io n  is  that the c u r v e s  f o r  c e l l  c o n c e n tra t io n  ( F ig u r e  3 .3 0 ) , o p t ic a l  
d e n s ity  ( F ig u r e  3 .3 1 )  a n d  c e l l  d ry  w e ig h t  ( F ig u r e  3 .3 2 )  d o  n o t  f o l lo w  the th e o re t ic a l 
p atte rn s  e x p e c te d  (H e rb e r t , 1 958) b u t  d o  b e a r a  c lo s e  r e s e m b la n c e  to  d o c u m e n te d  
d iv e rg e n c e s .
U p  to |im a x , the tre n d  o f  th e se  g ra p h s  in d ic a te s  th at th e  b io m a s s  y ie ld  
(m a g n e s iu m )  is  n o t co n s ta n t  b u t a c t u a lly  in c re a s e s  as the g ro w th -ra te  d e cre a s e s . T h i s  is  
as e x p e c te d  f r o m  the y ie ld  d ata  o b ta in e d  d u r in g  the b a tch  s tu d ie s  ( F ig u r e  3 .3 8 )  w h e re  
the y ie ld  e x p o n e n t ia lly  in c re a s e d  as th e  in it ia l  m a g n e s iu m  c o n c e n tra t io n  w a s  lo w e re d .  
T h is  in c re a s e  w a s  p a ra lle le d  b y  a c o n c o m ita n t  d e cre a s e  in  th e  g ro w th  rate . T h e  tre n d  is  
m o re  e a s ily  id e n t if ie d  in  F ig u r e  3 .4 6  w h e re  it  ca n  be seen  th at the b io m a s s  y ie ld  c o ­
e f f ic ie n t  f o r  m a g n e s iu m  is  h ig h  at th e  lo w e r  d ilu t io n  rates b u t  b e c o m e s  c o n s ta n t  as the  
g ro w th  rate  in c re a s e s ; a g a in  re f le c t in g  b a tc h  d ata  a n d  in  k e e p in g  w ith  the o b s e rv a t io n s  
o f  o th e r  a u th o rs  ( V r a n a , 1 983). T h e  e th a n o l y ie ld  c o - e f f ic ie n t  f o r  m a g n e s iu m  ( F ig u r e  
3 .4 7 )  re p e a ts  th is  p atte rn , a g a in  in  k e e p in g  w ith  the b a tch  re s u lts , b u t the c u r v e  is  m o re  
e x a g g e ra te d . T h e  d e cre a s e  b e tw e e n  th e  e th a n o l y ie ld  at lo w  g ro w th  rates an d  at h ig h  
g ro w th  rates is  a fa c t o r  o f  th ree  w h e re a s  the d e cre a s e  f o r  th e  b io m a s s  y ie ld  is  o n ly  a  
fa c t o r  o f  tw o .
T h is  b e h a v io u r  w a s f ir s t  se e n  in  E. co li  g r o w in g  u n d e r  a m m o n iu m - l im it a t io n  
( H o lm e , 19 5 7 ) a n d  w a s  s u b s e q u e n t ly  o b s e rv e d  f o r  T oru la  u tilis  u n d e r  a m m o n iu m -  
l im it a t io n  (H e rb e r t , 1 9 5 8 ). H e rb e rt 's  in te rp re ta t io n  o f  th is  ty p e  o f  d iv e rg e n c e  w a s  that 
the y ie ld  (w e ig h t  o f  c e l ls  fo rm e d  p e r  w e ig h t  o f  su b stra te  u se d )  is  n o t c o n s ta n t  b u t 
in c re a s e s  as the g ro w th  rate  d e c re a s e s  a n d  it  is  n o w  b e lie v e d  th a t the u t i l iz a t io n  o f  the  
su b stra te  in  the p ro d u c t io n  o f  in t r a c e llu la r  re s e rv e s  s u c h  as g ly c o g e n ,  
p o ly h y d r o x y b u t y r a t e  a n d  v o lu t in  g iv e s  r is e  to  th is  e ffe c t , e s p e c ia l ly  w h e n  g ro w th  is  
o th e r  th a n  c a r b o n - lim it e d  ( B u l l ,  1 9 7 4 ).
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T h e  lo w  r e s id u a l g lu c o s e  le v e ls  ( F ig u r e  3 .3 5 )  w ith in  th e  c h e m o s ta t  at lo w  d ilu t io n  
rates s tre n g th e n s  th is  a rg u m e n t  b a se d  o n  the p re m is e  that th e  c e l ls  are  c o n v e r t in g  the  
e x tra  g lu c o s e  re m o v e d  f r o m  th e  m e d iu m  at th e  lo w e r  d ilu t io n  ra tes in to  re s e rv e  
m a te r ia ls . T h i s  a rg u m e n t  is  fo r t if ie d  b y  F ig u r e  3 .4 4 , w h e re  at the lo w e r  d i lu t io n  rates  
u n d e r  d is c u s s io n , the b io m a s s  y ie ld  c o - e f f ic ie n t  f o r  g lu c o s e  is  n o t  o n ly  r e la t iv e ly  lo w  
b u t a ls o  re m a in s  c o n sta n t. F u r th e r , the  g lu c o s e  c o n s u m p t io n  ( F ig u r e  3 .4 9 )  is  h ig h  at the  
lo w  d ilu t io n  ra te s p o s s ib ly  in d ic a t in g  th at the P a s te u r  e f fe c t  is  o p e ra t io n a l w ith in  the  
c e lls .
T h e  h ig h  e th a n o l le v e ls  w ith in  th e  c h e m o s ta t  at the lo w  d ilu t io n  ra te s ( F ig u r e  
3 .3 4 )  in d ic a te  the a c t iv ity  o f  fe rm e n ta t iv e  m e ta b o lis m  as d o  the h ig h  re s id u a l o x y g e n  
le v e ls  ( F ig u r e  3 .4 3 )  a n d  the lo w  o x y g e n  u p ta k e  rate  o n  a 'p e r c e ll ' b a s is  ( F ig u r e  3 .4 0 )  
an d  as a  ra t io  o f  d ry  w e ig h t  ( F ig u r e  3 .4 1 ) . H o w e v e r ,  as th e  g ro w th  rate in c re a s e s , the  
c e l ls  a p p e a r  to  in c re a s e  th e ir  le v e l o f  re s p ira to ry  a c t iv it y  as in d ic a te d  b y  th e  in c re a s e  in  
the o x y g e n  u p ta k e  ra te , the p a r a lle l  d e c re a s e  in  re s id u a l o x y g e n  w ith in  th e  c h e m o s ta t ,  
a n d  the re d u c e d  e th a n o l p ro d u c t io n  le v e ls  ( F ig u r e  3 .4 8 ) .
T h e  tre n d  a p p e a rs  to  be th at the c e l ls  are  p r im a r i ly  fe rm e n t in g  at lo w  g ro w th  rates  
u n d e r  m a g n e s iu m - lim ita t io n  b u t in t r o d u c e  a g re a te r  d e g re e  o f  re s p ira to ry  a c t iv it y  as the  
g ro w th  rate in c re a s e s  to w a rd s  p m a x . T h e  re s u lts  f r o m  the b a tc h  s tu d ie s  ( s e c t io n  3 .1 .1 )  
are in  a g re e m e n t  w h e re b y  the c e l ls  in c a p a b le  o f  g ro w th  at lo w  le v e ls  o f  m a g n e s iu m  
( 1 5 p M )  w e re  s t i l l  p r o d u c in g  e th a n o l.
F ig u r e s  3 .4 4  a n d  3 .4 5  s h o w  th at at the h ig h e r  d ilu t io n  ra te s , the  a c tu a l c o n v e r s io n  
o f  g lu c o s e  to  b io m a s s  a n d  e th a n o l b o th  b e c o m e  m o re  e f f ic ie n t  b u t it  is  o f  n o te  th at the  
b io m a s s  y ie ld  in c re a s e s  b y  a fa c t o r  o f  4 .7 5  w h e re a s  the e th a n o l y ie ld  o n ly  in c re a s e s  b y  
a fa c t o r  o f  2 .5 , a g a in  in d ic a t in g  an  in c re a s e  in  re s p ira to ry  a c t iv ity .  It is  o f  s ig n if ic a n c e  
th at b o th  y ie ld  c o - e f f ic ie n t s  f o r  g lu c o s e  o n ly  sta rt to  in c re a s e  w h e n  the m a g n e s iu m  y ie ld  
c o - e f f ic ie n t s  ( F ig u r e s  3 .4 6  a n d  3 .4 7 )  b e g in  to  le v e l o u t; the in te rp re ta t io n  b e in g  th at at 
the lo w e r  g ro w th  rates the u t i l iz a t io n  o f  g lu c o s e  h a s  b e e n  'd a m p e d ' b y  the sh o rta g e  o f  
m a g n e s iu m  b u t the y ie ld  c o - e f f ic ie n t s  f o r  m a g n e s iu m  are  h ig h  at these  lo w e r  g ro w th
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rates as an  e f f i c ie n c y  o f  u t i l iz a t io n  is  n e c e s s a ry . H o w e v e r ,  at the h ig h e r  g ro w th  ra te s , as 
the c e l ls  a re  w a sh e d  o u t  an d  the m a g n e s iu m  is  n o  lo n g e r  l im it in g  th e re  is  a m o re  
e f f ic ie n t  u t i l iz a t io n  o f  the g lu c o s e  c o u p le d  w ith  a  le ss  e f f ic ie n t  u t i l iz a t io n  o f  
m a g n e s iu m . It has b e e n  s h o w n  that in c re a s e s  in  the c o n c e n tra t io n  o f  B a cillu s  su b tilis  
g ro w n  in  m a g n e s iu m - lim ite d  ch e m o s ta ts  re s u lts  in  an e n h a n c e d  a s s im ila t io n  o f  
m a g n e s iu m  io n s  ( B u l l ,  1974) p o s s ib ly  d u e  to  th e  s e c re t io n  o f  an u p ta k e -p r o m o t in g  
s u b s ta n c e  a n d  it  is  p o s s ib le  th at s u c h  an  e v e n t  is  ta k in g  p la c e  h ere .
J a m e s  (1 9 6 1 )  re c o m m e n d s  th at d ata  o b ta in e d  f r o m  c o n t in u o u s  c u ltu re  s tu d ie s  be  
e x p re s s e d  'p e r a v e ra g e  c e l l ' ,  a v ie w  th at is  re in fo rc e d  b y  D a w s o n  (1 9 8 5 )  w h o  states that 
b e ca u se  c e l l  p o p u la t io n s  a lte r  th e ir  n u m b e rs  w ith  g ro w th  rate , the n u tr ie n t  ra t io  p e r  c e l l  
w il l  c h a n g e  a n d  that m e ta b o lic  a sse ssm e n ts  m a d e  o n  the b a s is  o f  m a s s  d if f e r  to 
c a lc u la t io n s  b a se d  o n  th e  c e l l ,  in d ic a t in g  that M o n o d 's  a s s u m p t io n  o f  the u n ifo rm  
d e v e lo p m e n t  o f  the c e l l  is  in c o r r e c t .  F u r th e r , c e l l  c o n c e n tra t io n  re v e a ls  n u m e r ic a l  
c h a n g e s  in d ic a t iv e  o f  c e l l  d iv is io n  th at is  tie d  to  p o p u la t io n  c e l l  g ro w th  w h e re a s  o p t ic a l  
d e n s ity  in d ic a te s  b io m a s s  c h a n g e s  th at are  tie d  to in d iv id u a l  c e l l  g ro w th  a n d  that w h ils t  
q u a n t ita t iv e  a sse s sm e n ts  m a y  be m a d e  u s in g  m a s s  c a lc u la t io n s  th e y  te n d  to  o b s c u re  the  
q u a lit a t iv e  c h a n g e s  o c c u r r in g  w ith in  the c e l l  ( D a w s o n , 1985).
T h e  d ata  f o r  c e l lu la r  m a g n e s iu m  an d  o x y g e n  u p ta k e  ra tes a re  p re se n te d  as a 
fu n c t io n  o f  c e l l  d ry  w e ig h t  a n d  p e r  u n it  c e l l  ( F ig u r e s  3 .3 8  an d  3 .3 9 ; 3 .4 0  an d  3 .4 1 )  but 
n o  s ig n if ic a n t  d if fe r e n c e  b e tw e e n  th e  tw o  m o d e s  o f  e x p re s s io n  is  se e n  w h ils t  b io m a s s  
y ie ld ,  b y  d e f in it io n , is  e x p re s s e d  as c e l l  d ry  w e ig h t.
T h e  e th a n o l p ro d u c t io n  v a lu e s  b a se d  o n  c e l l  d ry  w e ig h t  ( F ig u r e  3 .4 8 ) , as 
m e n t io n e d , in d ic a te  th at as the d ilu t io n  rate  in c re a s e s  the p re d o m in a n c e  o f  fe rm e n ta t io n  
d e c re a s e s . T o  c o n f ir m  th is , e th a n o l p ro d u c t io n  v a lu e s  b a se d  o n  c e l l  n u m b e rs  w e re  
c a lc u la te d  a n d  are  p re se n te d  in  F ig u r e  3 .5 0  b e lo w . A g a in ,  the re s u lts  s h o w  th at th ere  is  
no  s ig n if ic a n t  d if fe r e n c e  b e tw e e n  th e  tw o  m o d e s  o f  e x p re s s io n  as w e l l  as c o n f ir m in g
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th a t th e  c e l ls  f a v o u r  fe rm e n ta t io n  at lo w  g ro w th  ra te s  b u t  re d u c e  th is  a c t iv it y  as 
m a x im a l  g ro w th  is  a p p ro a c h e d .
Figure 3.50: The influence of increasing growth rate on the ethanol production per 
cell within a magnesium-limited (50pM) chemostat.
Ethanol Production
Dilution Rate, (1/hours)
O b v io u s ly ,  o f  p r im e  im p o r ta n c e  th ro u g h o u t  a ll  o f  th e se  o b s e rv a t io n s  a re  th e  
tre n d s  in  c e l lu la r  m a g n e s iu m  p a tte rn s  ( F ig u r e s  3 .3 8  a n d  3 .3 9 ) . E v id e n t ly ,  a t th e  lo w  
g ro w th  ra te s  w h e re  fe rm e n ta t io n  p re d o m in a te s , the c e l lu la r  c o n c e n tra t io n  o f  m a g n e s iu m  
is  lo w e s t  b u t  as the g ro w th  ra te  in c re a s e s  th e n  th e  c e l lu la r  m a g n e s iu m  c o n c e n tra t io n  
a ls o  in c re a s e s . T h is  tre n d  is  o b s e r v e d  f o r  c e l lu la r  m a g n e s iu m  e x p re s s e d  e ith e r  o n  a p e r-  
c e l l  b a s is  o r  o n  a g ra m  o f  d r y  w e ig h t  b a s is  th u s  le n d in g  s u p p o r t  to  th e  id e a  e x p re s s e d  
a b o v e , n a m e ly  th at th e  in c re a s e d  a v a i la b i l it y  o f  m a g n e s iu m  p e rm its  th e  g e n e ra l 
u t i l iz a t io n  o f  g lu c o s e  to  b e c o m e  m o r e  e f f ic ie n t  b u t  w ith  g re a te r e m p h a s is  o n  th e  
r e s p ir a to r y  p a th w a y . T h is  in c re a s e  in  th e  c e l lu la r  c o n te n t  o f  m a g n e s iu m  w ith  in c re a s in g
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g ro w th  rate  p a r a lle ls  the s itu a t io n  in  b a c te r ia  ( D a w s o n , 1985) w h ils t  D e d y u k h in a ,  
C h is t y a k o v a ,  E r o s h in ,  &  K a s h p a r o v a , (1 9 8 9 )  o b s e rv e d  th at a  m a g n e s iu m - lim ite d  
c h e m o s ta t  o f  C . va lid a  g a v e  a  lin e a r  r is e  in  the c e l lu la r  c o n te n t  o f  P , K ,  M g ,  N ,  F e , and  
Z n  w ith  in c re a s in g  g ro w th  rates.
A l l  the  f ig u r e s  re fe re d  to h a v e  s h o w n  d a ta  f o r  g ro w th  g re a te r  th an  the m a x im a l  
g ro w th  rate  d e r iv e d  f r o m  the b a tc h  s tu d ie s  f o r  m a g n e s iu m - lim ita t io n . In  fa c t , it  is  at 
M-max th at the c h a n g e s  b e c o m e  the m o s t  e x a g g e ra te d ; w ith  the c e l l  c o n c e n tra t io n  
d r o p p in g  m o re  r a p id ly ;  th e  d e c re a s e  in  d ry  w e ig h t  c e a s in g ; the m e a n  c e l l  v o lu m e s  
b e g in n in g  to  d e c lin e ;  th e  b io m a s s  a n d  e th a n o l y ie ld  c o e f f ic ie n t s  f o r  g lu c o s e  in c re a s in g  
s h a rp ly  a n d  the y ie ld s  f o r  g lu c o s e  b e c o m in g  c o n s ta n t  as d o  th e  c e l lu la r  m a g n e s iu m  
le v e ls .
T h i s  ty p e  o f  g ro w th  c u rv e  w h e re  the o rg a n is m  is  g r o w in g  fa s te r  in  c o n t in u o u s  
c u ltu re  th a n  in  b a tc h  c u ltu re  is  re c o rd e d  in  th e  lite ra tu re  as b e in g  d u e  to  im p e r fe c t  
m ix in g  w ith in  the c h e m o s ta t  ( B u l l ,  1 9 7 4  an d  H e rb e rt , 1958) p r in c ip a l ly  o b s e rv e d  f o r  
f i la m e n t o u s  m ic r o b e s  w h ic h  a d h e re  to  the fe rm e n te r  w a lls  a n d  are  n o t  p ro p e r ly  w a sh e d  
out.
D u r in g  the p ro g re s s io n  o f  th e  s e q u e n tia l in c re a s e  in  d i lu t io n  ra tes th e  c e l ls  w ith in  
the c h e m o s ta t  w e re  o b s e rv e d  to  u n d e rg o  a p ro g re s s iv e  c h a n g e  in  m o r p h o lo g y  f r o m  the  
c h a ra c te r is t ic  o v o id  sh a p e  to a m o r e  e x te n d e d  fo r m  as |im a x  w a s  re a c h e d  a n d  p a sse d . 
T h is  e x te n d e d  fo rm  a p p e a re d  to be m o re  p re v a le n t  in  the d a u g h te r  c e l ls  g iv in g  th e  
im p r e s s io n  o f  p s e u d o - h y p h a l g ro w th  a n d  it  w a s  a ls o  n o te d  that the s e p a ra t io n  o f  
d a u g h te r  c e l ls  f r o m  the m o th e r  c e l ls  se e m e d  to  d e cre a s e  g iv in g  r is e  to  c lu m p s  o f  c e l ls  
a ll a p p a re n t ly  s t il l  c o n n e c te d . T h e s e  c lu m p s  a lso  in c re a s e d  in  s iz e  a n d  a lth o u g h  
a tte m p ts  w e re  m a d e  to m e a s u re  the p ro g re s s iv e  in c re a s e  in  c lu m p  s iz e  u s in g  the c o u lte r  
c o u n te r  th ese  p ro v e d  u n s u c c e s s fu l d u e  to  th e  te n d e n c y  o f  the c lu m p s  to  f lo a t . 
S e d im e n ta t io n  tests w e re  c a r r ie d  o u t  o n  the c lu m p s  w h e re b y  lO m ls  s a m p le s  w e re  
c e n tr ifu g e d , r in s e d , re c e n tr ifu g e d  a n d  the c e l l  p e lle ts  re s u s p e n d e d  in  lO m ls  acetate  
b u f fe r  at p H  4 .6  w h ic h  w a s  th e n  d e ca n te d  in to  g ra d u a te d  te st-tu b e s . T h e  d e g re e  o f
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s e d im e n ta t io n  a fte r  lO m in s  w a s  fo u n d  to be c o n s id e r a b ly  le s s  th a n  f o r  a s u s p e n s io n  o f  
c e l ls  ta k e n  fr o m  the in o c u la t in g  m e d iu m  w ith  m a n y  o f  the c e l ls  r e m a in in g  in  a w h ite  
f lo e  o n  the s u rfa c e . O v e r n ig h t  in c u b a t io n  in  th e  p re s e n c e  o f  e x c e s s  m a g n e s iu m  d id  n o t  
c a u s e  a r e v e rs io n  o f  th e  c lu m p s  n o r  w a s  the s e d im e n ta t io n  rate  a ffe c te d .
F ig u r e  3 .5 1  s h o w s  p h o to g ra p h s  o f  the p ro g re s s io n  o f  c h a n g e  o c c u r r in g  to  the c e lls  
at a d ilu t io n  rate  o f  0 .2 5 h r s _ l .  P h o to g ra p h  a) s h o w s  in d iv id u a l  c e l ls  b e g in n in g  to  
e lo n g a te ; p h o to g ra p h  b) s h o w s  the la c k  o f  s e p a ra t io n  ta k in g  p la c e ; p h o to g ra p h  c )  s h o w s  
c lu m p  fo rm a t io n  b e g in n in g  to  o c c u r ;  a n d  p h o to g ra p h  d) s h o w s  c lu m p  o f  c e l ls ,  the  l ik e -  
o f - w h ic h  c a m e  to  p re d o m in a te  w ith in  the c h e m o s ta t  at the h ig h e s t  g ro w th  rates; i.e . 
a fte r  lo n g  p e r io d s  o f  c u ltu re  w ith in  the c h e m o s ta t . C h a n g e s  in  the m o r p h o lo g y  o f  S. 
ccrev is ia e  w ith  d ilu t io n  rate  h a v e  b e e n  o b s e rv e d  p r e v io u s ly  ( F ie c h te r ,  1 9 6 7 ; c ite d  b y  
F ie c h t e r  e t a i ,  1987) w h ils t  B o ts te in  a n d  F in k  (1 9 8 8 )  p ro p o s e  th at S. ce rev is ia e  is  a  
tru ly  d im o r p h ic  an d /o r p o ly m o r p h ic  y e a st.
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Figure 3.30: The influence of dilution rate on the cell concentration within a chemostat
operated under conditions of magnesium-limitation (50uM).
Cell Concentration
Dilution Rate, (1/hours)
F i g u r e  3 .3 1 :  T h e  in f lu e n c e  o f  d ilu t io n  rate o n  the o p t ic a l d e n s ity  w ith in  a c h e m o sta t  
o p e ra te d  u n d e r  c o n d it io n s  o f  m a g n e s iu m - lim ita t io n  ( 5 0 u M ) .
Optical Density
D ilution Rate, (1/hours)
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Figure 3.32: The influence of dilution rate on the dry cell weight within a chemostat
operated under conditions of magnesium-limitation (50uM).
Dry Weight
Dilution Rate, (1/hours)
F i g u r e  3 .3 3 . T h e  in f lu e n c e  o f  d ilu t io n  rate o n  the m e a n  c e l l  v o lu m e  w ith in  a  c h e m o s ta t  
o p e ra te d  u n d e r  c o n d it io n s  o f  m a g n e s iu m - lim ita t io n  ( 5 0 u M ) .
Mean Cell Volumes
D ilution Rate, (1/hours)
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Figure 3.34: The influence of dilution rate on the ethanol concentration within a chemostat
operated under conditions of magnesium-limitation (50uM).
Ethanol
Dilution Rate, (1/hours)
F i g u r e  3 .3 5 :  T h e  in f lu e n c e  o f  d ilu t io n  rate  o n  the g lu c o s e  c o n c e n tra t io n  w ith in  a c h e m o s ta t  
o p e ra te d  u n d e r  c o n d it io n s  o f  m a g n e s iu m - lim ita t io n  ( 5 0 u M ) .
Glucose
D ilu tion  Rate, (1/hours)
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Figure 3.36: The influence of dilution rate on the magnesium concentration within a
chemostat operated under conditions of magnesium-limitation (50uM).
Chemostat Magnesium
Dilution Rate, (1/hours)
F i g u r e  3 .3 7 :  T h e  m a g n e s iu m  c o n c e n tra t io n  w ith in  the re s e rv o ir  m e d iu m  d u r in g  the  
o p e ra t io n  o f  a ch e m o s ta t  o v e r  a  ra n g e  o f  d ilu t io n  rates.
Reservoir Magnesium
D ilu tion  Rate, (1/hours)
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Figure 3.38: The influence of dilution rate on the cell magnesium concentration, expressed




F i g u r e  3 .3 9 :  T h e  in f lu e n c e  o f  d ilu t io n  rate o n  the c e l l  m a g n e s iu m  c o n c e n tra t io n , e x p re s s e d  
as a ra t io  o f  d r y  w e ig h t, w ith in  a  ch e m o sta t o p e ra te d  u n d e r  c o n d it io n s  o f  
m a g n e s iu m - lim ita t io n  ( 5 0 u M ) .
Cellular Magnesium
D ilu tion  Rate, (1/hours)
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Figure 3.40: The influence of dilution rate on the oxygen uptake rate, expressed as a ratio












F i g u r e  3 .4 1 :  T h e  in f lu e n c e  o f  d ilu t io n  rate  o n  the o x y g e n  u p tak e  rate , e x p re s s e d  as a ra tio  
o f  d r y  c e l l  w e ig h t, w ith in  a ch e m o sta t o p e ra te d  u n d e r  c o n d it io n s  o f  
m a g n e s iu m - lim ita t io n  ( 5 0 u M ) .
Oxygen Uptake Rate












Figure 3.42: The influence of dilution rate on the pH within a chemostat operated under
conditions of magnesium-limitation (50uM).
pH
Dilution Rate, (1/hours)
F i g u r e  3 .4 3 :  T h e  in f lu e n c e  o f  d ilu t io n  rate o n  the o x y g e n  le v e ls  w it h in  a c h e m o s ta t  
o p e ra te d  u n d e r  c o n d it io n s  o f  m a g n e s iu m - lim ita t io n  ( 5 0 u M ) .
Medium Oxygen Levels
D ilution Rate, (1/hou rs)
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Figure 3.44: The influence of dilution rate on the biomass yield (glucose) within a












F i g u r e  3 .4 5 :  T h e  in f lu e n c e  o f  d ilu t io n  rate o n  the e th a n o l y ie ld  (g lu c o s e )  w ith in  a 
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Figure 3.46: The influence of dilution rate on the biomass yield (magnesium) within a
chemostat operated under conditions of magnesium-limitation (50uM).
Biomass Yield (Magnesium)
D ilu tion  Rate, (1/h o u rs )
F i g u r e  3 .4 7 :  T h e  in f lu e n c e  o f  d ilu t io n  rate o n  the e th a n o l y ie ld  ( m a g n e s iu m )  w it h in  a  
c h e m o s ta t  o p e ra te d  u n d e r  c o n d it io n s  o f  m a g n e s iu m - lim ita t io n  ( 5 0 u M ) .
Ethanol Yield (Magnesium)
D ilution Rate, (1/hours)
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Figure 3.48: The influence of dilution rate on the ethanol production within a chemostat
operated under conditions of magnesium-limitation (50uM).
Ethanol Production
D ilu tion  Rate, (1 /hours)
F i g u r e  3 .4 9 : T h e  in f lu e n c e  o f  d ilu t io n  rate o n  the g lu c o s e  c o n s u m p t io n  w ith in  a  c h e m o s ta t  
















D ilu tion  Rate, (1 /hours)
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F i g u r e  3 .5 1 :  The progressive change in morphology of cells of S.cerevisiae cultured under 
magnesium-limitation at a growth rate of 0.25/hrs. Photographs a) and b). Magnification
x400
Photograph a) Onset of tube-formation in individual cells
Photograph b) Lack of separation taking place between mother and daughter cells
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Figure 3.51 (continued): The progressive change in morphology of cells of S.cerevisiae 
cultured under magnesium-limitation at a growth rate of 0.25/hrs. Photographs c) and d). 
Magnification x400
Photograph c) Onset of clump-formation
Photograph d) Major clump formation showing pseudo-hyphal growth
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Magnesium Limitation at 90fiM
T h e  re s u lts  a g a in  c o v e r  th e  d ir e c t ly  m e a s u re d  fe rm e n ta t iv e  a n d  r e s p ira t iv e  
p a ra m e te rs  o f  a  c o n t in u o u s , m a g n e s iu m - lim ite d  g ro w th  o f  a c e l l  p o p u la t io n  o f  S. 
c e re v is ia e  w ith in  a  c h e m o s ta t . C a lc u la te d  p a ra m e te rs  d e r iv e d  f r o m  th e  d ir e c t ly  
m e a s u re d  d a ta  are  a ls o  d e ta ile d .
T h e  m e a s u re d  p a ra m e te rs  ( c e ll c o n c e n tra t io n , m e d iu m  a b s o rb a n c e , c e l l  d r y  
w e ig h t ,  m e a n  c e l l  v o lu m e ,  m e d iu m  e th a n o l, g lu c o s e , m a g n e s iu m  le v e ls ,  c e l lu la r  
m a g n e s iu m  le v e ls ,  o x y g e n  u p ta k e  ra te , a n d  p H ) ,  as a  fu n c t io n  o f  th e  m a g n e s iu m -  
c o n t r o l le d  g ro w th  ra te , a re  s h o w n  in  F ig u r e s  3 .5 2 , 3 .5 3 , 3 .5 4 , 3 .5 5 , 3 .5 6 , 3 .5 7 , 3 .5 8 , 
3 .5 9 , 3 .6 0 , 3 .6 1 , 3 .6 2 , 3 .6 3 , a n d  3 .6 4  r e s p e c t iv e ly .  N o  d a ta  f o r  o x y g e n  le v e ls  is  
a v a ila b le .  T h e  e f fe c t  o f  g ro w th  ra te  o n  th e  d e r iv e d  v a r ia b le s  o f  b io m a s s  a n d  e th a n o l 
y ie ld s  ( g lu c o s e  a n d  m a g n e s iu m ) , e th a n o l p r o d u c t io n  ( c e ll  a n d  d r y  w e ig h t)  a n d  g lu c o s e  
u p ta k e  ( c e ll  a n d  d r y  w e ig h t)  a re  s h o w n  in  F ig u r e s  3 .6 5 , 3 .6 6 , 3 .6 7 , 3 .6 8 , 3 .6 9 , 3 .7 0 ,  
3 .7 1 , a n d  3 .7 2  r e s p e c t iv e ly .
C o n t r a r y  to  th e  e x p e c ta t io n s  d e r iv e d  f r o m  b a tc h  re s u lts , th e  r e s id u a l m a g n e s iu m  
le v e ls  w ith in  th e  c h e m o s ta t  ( F ig u r e  3 .5 8 )  a p p e a r  to  in d ic a te  th at th e  c e l l  p o p u la t io n  is  
n o t  m a g n e s iu m - lim it e d  w h e n  an e x o g e n o u s  m a g n e s iu m  c o n c e n tra t io n  o f  9 0 p .M  is  
p re s e n t  w ith in  th e  in f lo w in g  m e d iu m  ( F ig u r e  3 .5 9 ) . M a te le s  a n d  B a tta t  (1 9 7 4 )  state  
that re s id u e s  o f  the l im it in g  su b stra te  in d ic a te  s o m e  o th e r  fa c t o r  h a s  b e c o m e  l im it in g  
a n d  th e  la c k  o f  re s id u a l g lu c o s e  w ith in  th e  c h e m o s ta t  a t th e  lo w e r  d i lu t io n  ra te s  ( F ig u r e  
3 .5 7 )  m a y  in d ic a te  g lu c o s e - lim it a t io n .
F r o m  F ig u r e s  3 .5 2  a n d  3 .5 3 , a g a in  a d e v ia t io n  f r o m  th e  e x p e c te d  th e o re t ic a l c u rv e  
( H e rb e r t ,  19 5 8 ) f o r  c e l l  c o n c e n t ra t io n  a n d  a b s o rb a n c e  c a n  b e  seen  w ith  s ig n if ic a n t  
c h a n g e s  in  th e  tre n d s  a p p e a r in g  at 0 .2 h r s ‘ l .  H o w e v e r ,  u n l ik e  th e  b e h a v io u r  o b s e rv e d  
f o r  a  m a g n e s iu m - lim ita t io n  o f  50 fJ,M , F ig u r e  3 .5 4  s h o w s  th at as th e  g ro w th  ra te  
in c re a s e s  th e  c e l l  d r y  w e ig h t  a ls o  in c re a s e s  m a r k e d ly .  H e n c e ,  it  w o u ld  a p p e a r  th at as 
th e  d i lu t io n  ra te  in c re a s e s , th e  c e l ls  a re  n o t  s u b je c te d  to  a n y  a p p a re n t  l im it a t io n  a n d  are
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th e re fo re  g r o w in g  in d iv id u a l ly ,  i.e . in  te rm s  o f  b io m a s s , in  an  u n re s tr ic te d  m a n n e r  w ith  
th e  p o p u la t io n  in  te rm s  o f  c e l l  n u m b e rs  b e in g  s u b je c t  to the d y n a m ic s  o f  th e  ch e m o s ta t .
T h i s  in te rp re ta t io n  is  fu rth e r  in d ic a te d  b y  th e  a p p a re n t d if fe r e n c e s  th at e x is t  
b e tw e e n  th e  c e l lu la r  m a g n e s iu m  le v e ls  w h e n  e x p re s s e d  o n  a p e r  c e l l  b a s is  o r  w h e n  
e x p re s s e d  as a f u n c t io n  o f  c e l l  d r y  w e ig h t  ( F ig u r e s  3 .6 0  a n d  3 .6 1 ) . T h e  s a m e  tre n d  is  
o b s e rv e d  f o r  th e  o x y g e n  u p ta k e  ra te  ( F ig u r e s  3 .6 2  an d  3 .6 3 ) , e th a n o l p r o d u c t io n  
( F ig u r e s  3 .6 9  a n d  3 .7 0 ) , a n d  g lu c o s e  u p ta k e  ( F ig u r e  3 .7 1  a n d  3 .7 2 ) . T h e  c u r v e s  f o r  th e  
b io m a s s  a n d  e th a n o l y ie ld  c o - e f f ic ie n t s  f o r  m a g n e s iu m  ( F ig u re s  3 .6 7  a n d  3 .6 8 )  c o n f ir m  
th e  tre n d s  in d ic a te d  b y  th e  d r y  w e ig h t  v a lu e s  a n d  th e re fo re  fu r th e r  in d ic a te  an  a b s e n c e  
o f  m a g n e s iu m - lim it a t io n .
A s  stated  a b o v e , a t g ro w th  ra te s  le s s  th a n  0 .2 0 h rs “ l ,  th e  r e s id u a l g lu c o s e  le v e ls  
w ith in  th e  c h e m o s ta t  in d ic a te  a  g lu c o s e - lim it a t io n  b u t d e s p ite  th e  a p p a re n t  la c k  o f  
m a g n e s iu m - lim it a t io n  o n  g ro w th , s e v e ra l tre n d s  e m e rg e  f r o m  th e se  re s u lts .
O n  a p e r  c e l l  b a s is , at th e  lo w e r  d i lu t io n  ra te s , the  e th a n o l le v e ls  a re  u n if o r m ly  
h ig h  ( F ig u r e  3 .5 6 ) , th e  o x y g e n  u p ta k e  ra te  is  lo w  as is  the c e l lu la r  m a g n e s iu m  c o n te n t. 
F r o m  th e  re s u lts  o f  th e  5 0 j iM  l im it a t io n  ( s e c t io n  3 .2 .2 .3 : m a g n e s iu m  lim it a t io n  at 
5 0 p .M )  th is  w o u ld  in f e r  th at th e  in d iv id u a l  c e l ls  w ith in  the p o p u la t io n  a re  fe r m e n t in g .  
T h e  lo w  re s id u a l g lu c o s e  le v e ls  ( F ig u r e  3 .5 7 ) , lo w  e th a n o l y ie ld  f r o m  g lu c o s e  ( F ig u r e  
3 .6 6 ) , lo w  b io m a s s  y ie ld  f r o m  g lu c o s e  ( F ig u r e  3 .6 5 ) , and  lo w  c e l l  d r y  w e ig h t  ( F ig u r e  
3 .5 4 )  a ls o  in d ic a te  a r e la t iv e ly  lo w  c o n v e r s io n  o f  g lu c o s e  to b io m a s s .
H o w e v e r ,  o n  a  d r y  w e ig h t  b a s is , at th e  lo w  d ilu t io n  ra te s , th e  p o p u la t io n  a p p e a rs  
to  b e  le s s  fe r m e n ta t iv e  as in d ic a te d  b y  th e  h ig h  c e l lu la r  m a g n e s iu m  c o n te n t  a n d  th e  h ig h  
o x y g e n  u p ta k e  ra te . T h e s e  c o n t r a d ic to r y  re s u lts  b e c o m e  m o r e  c o n fu s in g  w h e n  it  is  
a p p re c ia te d  th a t th e  e th a n o l p r o d u c t io n  a n d  g lu c o s e  c o n s u m p t io n  ( F ig u r e s  3 .7 0  a n d  3 .7 2  
re s p e c t iv e ly )  a re  r e la t iv e ly  h ig h  at th e  lo w e r  d i lu t io n  ra te s ir r e s p e c t iv e  o f  th e  c a lc u la t io n  
m e th o d . T h i s  w o u ld  in fe r  th at the c e l l  p o p u la t io n  is  in d e e d  s h o w in g  a p r e d o m in a n c e  o f  
fe rm e n ta t io n  at th e  lo w e r  d ilu t io n  ra te s  w ith  a  te n d e n c y  to w a rd s  an  in c re a s e d  le v e l o f  
re s p ira to ry  b e h a v io u r  as th e  d i lu t io n  ra te  e x c e e d s  |!m a x  a n d  p s e u d o - h y p h a l g ro w th
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p re d o m in a te s . A ls o ,  th e  1 0 -fo ld  in c re a s e  in  th e  b io m a s s  y ie ld  f r o m  g lu c o s e  (as o p p o s e d  
to  o n ly  a 2- f o ld  in c re a s e  in  the e th a n o l y ie ld ) ,  w o u ld  in d ic a te  th a t th e  p o p u la t io n  is  
b e c o m in g  m o r e  re s p ir a t iv e  and /o r le s s  fe rm e n ta t iv e .
O n e  p o s s ib le  d e d u c t io n  to  a c c o u n t  f o r  th e  d if fe r e n c e s  b e tw e e n  th e  o x y g e n  u p ta k e  
ra te  o n  a  d r y  w e ig h t  b a s is  a n d  th e  ra te  c a lc u la te d  p e r  c e l l  is  th a t th e  c e l ls  are  b e c o m in g  
m o r e  re s p ira t iv e  (o r  le s s  fe rm e n ta t iv e )  as th e  g ro w th  ra te  is  in c re a s e d  b u t th e  in c re a s e  in  
c e l l  b u lk  m e a n s  th at th e  re la t iv e  p r o p o r t io n  o f  re s p ira to ry  m a c h in e r y  is  d e c re a s in g ;  th e  
in fe re n c e  b e in g  th at th e  a c tu a l re s p ira to ry  m a tte r m u s t  re m a in  c o n s ta n t  w ith in  th e  c e l l  
ir re s p e c t iv e  o f  th e  c e l l 's  b u lk .  H e n c e ,  th e  a c t iv it ie s  o f  th e  r e s p ir a to r y  m a tte r w ith in  th e  
c e l l  c a n  in c re a s e  b u t  n o t  th e  a c tu a l q u a n t it ie s .
H o w e v e r ,  th e re  is  a  d e g re e  o f  a m b ig u it y  o v e r  a n y  c o n c lu s io n s  d ra w n  f r o m  th is  set 
o f  d a ta  as the c e l ls  w ith in  the c h e m o s ta t  w e re  n o t  t h o r o u g h ly  m a g n e s iu m - lim ite d  b u t  
w e re  ra th e r g lu c o s e - lim it e d  w ith  p o s s ib ly  a  d e g re e  o f  m a g n e s iu m - lim it a t io n  at th e  
lo w e r  g ro w th  ra te s  o c c u r r in g  as w e ll.
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Figure 3.52: The influence of dilution rate on the cell concentration within a chemostat
operated under conditions of magnesium-limitation (90uM).
Cell Concentration
D ilu tion  Rate, (1 /h o u rs )
F i g u r e  3 .5 3 :  T h e  in f lu e n c e  o f  d ilu t io n  rate  o n  the o p t ic a l d e n s ity  w ith in  a ch e m o s ta t  
o p e ra te d  u n d e r  c o n d it io n s  o f  m a g n e s iu m - lim ita t io n  ( 9 0 u M ) .
Optical Density
D ilu tion  Rate, (1/hours)
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Figure 3.54: The influence of dilution rate on the dry cell weight within a chemostat
operated under conditions of magnesium-limitation (90uM).
Dry Weight
D ilu tion  Rate, (1/h o u rs )
F i g u r e  3 .5 5 :  T h e  in f lu e n c e  o f  d ilu t io n  rate o n  the m e a n  c e l l  v o lu m e  w ith in  a  ch e m o s ta t  
o p e ra te d  u n d e r  c o n d it io n s  o f  m a g n e s iu m - lim ita t io n  ( 9 0 u M ) .
Mean Cell Volume
D ilu tion  Rate, (1/hours)
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Figure 3.56: The influence of dilution rate on the ethanol concentration within a chemostat
operated under conditions of magnesium-limitation (90uM).
Ethanol
1.25
0.00 0.10 0.20 
0.05 0.15 0.25
D ilu tion  Rate, (1 /h o u rs )
0.30
0.35
F i g u r e  3 .5 7 :  T h e  in f lu e n c e  o f  d ilu t io n  rate o n  the g lu c o s e  c o n c e n tra t io n  w ith in  a c h e m o s ta t  
o p e ra te d  u n d e r  c o n d it io n s  o f  m a g n e s iu m - lim ita t io n  ( 9 0 u M ) .
Glucose
D ilution Rate, (1/hou rs)
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Figure 3.58: The influence of dilution rate on the magnesium concentration within a
chemostat operated under conditions of magnesium-limitation (90uM).
Chemostat Magnesium
D ilu tion  Rate, (1 /hou rs)
F i g u r e  3 .5 9 : T h e  m a g n e s iu m  c o n c e n tra t io n  w ith in  the re s e rv o ir  m e d iu m  d u r in g  the  
o p e ra t io n  o f  a c h e m o s ta t  o v e r  a ra n g e  o f  d ilu t io n  rates.
Reservoir Magnesium
D ilution Rate, (1/hours)
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Figure 3.60: The influence of dilution rate on the cell magnesium concentration, expressed
as a ratio o f cell concentration, within a chemostat operated under conditions of
magnesium-limitation (90uM).
F i g u r e  3 .6 1 :  T h e  in f lu e n c e  o f  d ilu t io n  rate o n  the c e l l  m a g n e s iu m  c o n c e n tra t io n , e x p re s s e d  
as a  ra tio  o f  d r y  w e ig h t, w ith in  a ch e m o sta t o p e ra te d  u n d e r  c o n d it io n s  o f  
m a g n e s iu m - lim ita t io n  ( 9 0 u M ) .
Cellular Magnesium
D ilution Rate, (1/hours)
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Figure 3.62: The influence of dilution rate on the oxygen uptake rate, expressed as a ratio
of cell concentration, within a chemostat operated under conditions of
magnesium-limitation (90uM).
Oxygen Uptake Rate
D ilu tion  Rate, (1/h o u rs )
F i g u r e  3 .6 3 :  T h e  in f lu e n c e  o f  d ilu t io n  rate o n  the o x y g e n  u p ta k e  rate , e x p re s s e d  as a ra tio  
o f  d r y  c e l l  w e ig h t, w ith in  a  ch e m o sta t o p e ra te d  u n d e r  c o n d it io n s  o f  
m a g n e s iu m - lim ita t io n  ( 9 0 u M ) .
Oxygen Uptake Rate
D ilution Rate, (1/hours)
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Figure 9.64: The influence of dilution rate on the pH within a chemostat operated under






Figure 3.65: The influence of dilution rate on the biomass yield (glucose) within a
chemostat operated under conditions of magnesium-limitation (90uM).
Biomass Yield (Glucose)
D ilu tion  Rate, (1/h o u rs )
F ig u r e  3 .6 6 : T h e  in f lu e n c e  o f  d ilu t io n  rate o n  the e th a n o l y ie ld  (g lu c o s e )  w ith in  a 











Figure 3.67: The influence of dilution rate on the biomass yield (magnesium) within a
chemostat operated under conditions of magnesium-limitation (90uM).
Biomass Yield (Magnesium)
D ilu tion  Rate, (1/h o u rs )
F i g u r e  3 .6 8 :  T h e  in f lu e n c e  o f  d ilu t io n  rate  o n  the e th a n o l y ie ld  ( m a g n e s iu m )  w ith in  a  
c h e m o s ta t  o p e ra te d  u n d e r  c o n d it io n s  o f  m a g n e s iu m - lim ita t io n  ( 9 0 u M ) .
Ethanol Yield (Magnesium)
D ilution Rate, (1/hours)
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Figure 3.69: The influence of dilution rate on the ethanol production, expressed as a ratio












D ilu tion  Rate, (1/h o u rs )
F i g u r e  3 .7 0 : T h e  in f lu e n c e  o f  d ilu t io n  rate o n  the e th a n o l p r o d u c t io n , e x p re s s e d  as a  ra t io  
o f  d r y  c e l l  w e ig h t, w ith in  a c h e m o sta t o p e ra te d  u n d e r  c o n d it io n s  o f  m a g n e s iu m - lim ita t io n  
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Figure 3.71: The influence of dilution rate on the glucose consumption, expressed as a
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F i g u r e  3 .7 2 :  T h e  in f lu e n c e  o f  d ilu t io n  rate o n  the g lu c o s e  c o n s u m p t io n , e x p re s s e d  as a 
ra t io  o f  d r y  c e l l  w e ig h t, w ith in  a ch e m o sta t o p e ra te d  u n d e r  c o n d it io n s  o f  
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3.2.3. The Effect of a Magnesium Pulse on the Chemostat Steady- 
State
3.2 .3 .1 . Introduction
T h e  c o n c e p t  o f  d is r u p t in g  th e  s te a d y -s ta te  as an e x p e r im e n ta l a p p ro a c h  to  
u n d e rs ta n d in g  th e  p h y s io lo g ic a l  state o f  a  c e l l  p o p u la t io n  ( H a r r is o n  a n d  T o p iw a la ,  
1974) h a s  a lre a d y  b e e n  m e n t io n e d  in  th e  o v e r v ie w  (s e c t io n  3 .2 .1 ) . T h e  r e c o v e r y  
re s p o n s e s  o f  th e  c e l l  p o p u la t io n  to  th e  p e rtu rb a t io n s  a re  th o u g h t  to  re v e a l in s ig h ts  in to  
the u n d e r ly in g  c o n t r o l m e c h a n is m s  o f  a c e l l 's  m e ta b o lis m  th a t are  n o t  u s u a lly  e v id e n t  
d u r in g  s te a d y -s ta te  m e a s u re m e n ts . T h e  e lu c id a t io n  o f  b io c h e m ic a l  p a th w a y s  h a s  b een  
a c h ie v e d  b y  m e a s u re m e n t  o f  th e  tra n s ie n t  f lu x e s  o f  th e  c e l l 's  c o n s t itu e n ts  d u r in g  the  
d y n a m ic  re s p o n s e  o f  th e  c u ltu re  to n u tr ie n t  p u ls e s  ( B u l l ,  19 7 4 ) w h ils t  th e  t im e  d e la y  fo r  
r e c o v e r y  c a n  in d ic a te  th e  ty p e  o f  re s p o n s e  ta k in g  p la c e  (P y e , 19 6 9 ; c ite d  b y  H a r r is o n  &  
T o p iw a la ,  1 9 7 4 ), e .g . th e  re s p o n s e s  o f  su b stra te  a n d  b io m a s s  c o n c e n tra t io n s  to  f lo w  an d  
te m p e ra tu re  d is tu rb a n c e s  w i l l  b e  fa s t  c o m p a r e d  to  th e  s lo w  re s p o n s e  o b s e rv e d  fo r  
c h a n g e s  in  th e  in le t  su b stra te  c o n c e n tra t io n  ( J e ffe rs o n  a n d  S m it h , 1 9 7 3 ; c ite d  b y  
H a r r is o n  &  T o p iw a la ,  1 9 7 4 ). H a r r is o n  a n d  T o p o w a l i  (1 9 7 4 )  state th at re s p o n s e s  to  a 
su b stra te  p u ls e  a re  s im ila r  to  a  s te p w is e  in c re a s e  in  th e  d i lu t io n  ra te  a n d  th at a la g  in  the  
re s p o n s e  o c c u r s  i f  th e  p u ls e  is  to o  la rg e .
It s h o u ld  b e  n o te d  th at th e  d ire c t  in je c t io n  o f  m a g n e s iu m  c h lo r id e  in to  a 
m a g n e s iu m - lim ite d  (6 2 p ,M )  c h e m o s ta t  c u lt u re  o f  K . p n eu m o n ia e  w a s  re g a rd e d  b y  
B u u r m a n , B o ia r d i ,  T e ix e ir a  d e  M a t t o s ,  &  N e ijs s e l (1 9 9 0 )  as b e in g  a  " p u ls e -e x p e r im e n t"  
w h e re a s  th is  s tu d y  h a s  s p e c if ie d  d ire c t  in je c t io n s  o f  m a g n e s iu m  in to  th e  c h e m o s ta t  as 
b e in g  'sp ik e s ' a n d  in c re a s e s  in  th e  m a g n e s iu m  c o n c e n tra t io n  w ith in  th e  fe e d  m e d iu m  as 
b e in g  'p u ls e s ’.
In  v ie w  o f  th e  d a ta  p re se n te d  in  s e c t io n  3 .2 .2 , a  s lo w  in c re a s e  in  th e  a v a ila b le  
m a g n e s iu m  s h o u ld  e f f e c t iv e ly  re s u lt  in  a tra n s it io n  f r o m  a p r e d o m in a n c e  o f  
fe rm e n ta t io n  to  re s p ira t io n  f o l lo w e d  b y  a re v e rs a l o f  th is  e f fe c t  as th e  p u ls e  fa d e s  a w a y . 
E f f e c t iv e ly ,  th e  c e l ls  w i l l  b e  re s p o n d in g  o n  a  g lo b a l  le v e l  th ro u g h  r e p l ic a t iv e  b e h a v io u r
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a n d  m e ta b o lic  b e h a v io u r .  C h a n g e s  in  in te r m e d ia r y  m e ta b o lis m  s h o u ld  a l lo w  an  
in c re a s e d  o p p o r t u n ity  f o r  th e  c e l ls  to  g ro w  in  an  a s s im ila t o r y  m a n n e r  w h ils t  c h a n g e s  in  
r e p l ic a t o r y  b e h a v io u r  s h o u ld  a l lo w  a n  in c re a s e d  o p p o r t u n ity  f o r  th e  p o p u la t io n  to g ro w .
3.2 .3 .2 . M ethod
T h e  c h e m o s ta t  se t-u p  h a s  b e e n  d e ta ile d  in  s e c t io n  2 .2 .1 ; th e  m e d iu m  p re p a ra t io n  
in  s e c t io n  2 .2 .2 ; th e  in o c u lu m  p re p a ra t io n  in  s e c t io n  2 .2 .3 ; a n d  th e  a n a ly s e s  o f  s a m p le s  
in  s e c t io n  2 .3 .
C o n t in u o u s  c u ltu re  w a s  in it ia te d  as d e s c r ib e d  in  s e c t io n  2 .2 .3  w ith  th e  e x c e p t io n  
th at th e  d i lu t io n  ra te  w a s  set im m e d ia t e ly  at 0 .1 5 h r s " l  an d  th e  c h e m o s ta t  a llo w e d  to  
e q u il ib r a t e  f o r  f o u r  fe rm e n te r  v o lu m e s .  T h e  c h e m o s ta t  w a s  th e n  s a m p le d , a l lo w e d  to  
r e c o v e r ,  s a m p le d  a s e c o n d  t im e  a n d  a g a in  a  r e - e q u il ib r a t io n  p e rm itte d  b e fo r e  a  th ird  
s a m p le  w a s  r e m o v e d  f r o m  th e  c h e m o s ta t  w h e re u p o n  th e  s y s te m  w a s  a llo w e d  to  
e s ta b lis h  a  s te a d y -s ta te  o v e r  f o u r  fe rm e n te r  v o lu m e s .
O n c e  s te a d y -s ta te  h a d  b e e n  a c h ie v e d , th e  p u m p  f r o m  th e  m a in  r e s e r v o ir  to  the  
m ix in g  v e s s e l ( F ig u r e  2 .1 )  w a s  s w itc h e d  to  its  m a x im u m  p u m p in g  ra te  a n d  th e  m ix in g  
v e s s e l a l lo w e d  to f i l l  to  a p r e v io u s ly  c a lib ra te d  m a rk ;  set a t 1.9 litre s . T h e  p u m p  w a s  
th e n  tu rn e d  o f f  a n d  2 m ls  o f  th e  m a g n e s iu m  s to c k  s o lu t io n  w e re  a d d e d  to  th e  m ix in g  
v e s s e l.  T h i s  e f f e c t iv e ly  in c re a s e d  th e  fe e d  c o n c e n tra t io n  o f  m a g n e s iu m  f r o m  5 0 ( iM  to  
1 4 0 p ,M  a n d  s u p p lie d  th e  c h e m o s ta t  f o r  1 6 hrs b e fo re  th e  p u m p  h a d  to  b e  tu rn e d  b a c k  o n  
at its  n o r m a l ra te ; i.e . e q u a l to  th e  p u m p  b e tw e e n  th e  m ix in g  v e s s e l a n d  th e  c h e m o sta t;  
to m a in t a in  a f lo w  o f  n u tr ie n ts . T h e  p ro c e d u r e  w a s  re p e a te d  f o r  a  p u ls e  o f  3 0 0 | iM .
N o r m a l  s a m p lin g  a c c o r d in g  to s e c t io n  2 .2 .3  c o u ld  n o t  b e  fo l lo w e d  d u e  to the  
d is r u p t io n  to  th e  ch e m o s ta t 's  o p e ra t in g  v o lu m e  a n d  th e re fo re  o n e  set o f  s a m p le s  w a s  
ta k e n  d ir e c t ly  f r o m  th e  c h e m o s ta t  o u t le t  p ip e  b e fo re  e n try  to  th e  w a ste  v e s s e l.  T h is  
te c h n iq u e  h a d  l im it a t io n s  r e g a r d in g  th e  ra te  at w h ic h  s a m p le s  c o u ld  b e  a c c u m u la te d  
( e s p e c ia lly  f o r  d r y  w e ig h t  d e te rm in a t io n  a n d  h e n c e  th e  c e l lu la r  m a g n e s iu m  
c o n c e n tra t io n s ) ;  a n d  th e re fo re  o n ly  o n e  s a m p le  w a s  ta k e n  b y  th is  m e th o d  w ith  the
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s e c o n d , d u p lic a te  s a m p le  b e in g  e x tra c te d  f r o m  th e  c h e m o s ta t  as d e s c r ib e d  in  s e c t io n
2 .2 .3 . T h e  d is r u p t io n  w a s  h e ld  to  b e  to le ra b le .
3 .2 .3 .3 . Results and D iscussion
The Effect of a 140fiM Magnesium Pulse on the Chemostat Steady-State
T h e  re s u lts  d e ta il s e v e ra l d ir e c t ly  m e a s u re d  an d  d e r iv e d  fe r m e n ta t iv e  a n d  
re s p ir a t iv e  a sp e cts  o f  th e  c o n t in u o u s , m a g n e s iu m - lim it e d  g ro w th  o f  a c e l l  p o p u la t io n  o f  
S. ce re v is ia e  re s p o n d in g  to  a  p u ls e  o f  m a g n e s iu m  g e n e ra te d  f r o m  w it h in  th e  m ix in g  
v e s s e l.
C h a n g e s  in  th e  m e a s u re d  p a ra m e te rs  ( c e ll  c o n c e n tra t io n , m e d iu m  a b s o rb a n c e , c e l l  
d r y  w e ig h t , m e a n  c e l l  v o lu m e ,  m e d iu m  e th a n o l, g lu c o s e , a n d  m a g n e s iu m , c e l lu la r  
m a g n e s iu m  le v e ls ,  o x y g e n  u p ta k e  ra te , m e d iu m  p H  a n d  o x y g e n  le v e ls )  as a  fu n c t io n  o f  
th e  m a g n e s iu m - c o n t r o l le d  g ro w th  ra te  a re  s h o w n  in  F ig u r e s  3 .7 3 , 3 .7 4 , 3 .7 5 , 3 .7 6 , 3 .7 7 ,  
3 .7 8 , 3 .7 9 , 3 .8 0 , 3 .8 1 , 3 .8 2 , 3 .8 3 , 3 .8 4 , 3 .8 5 , a n d  3 .8 6  r e s p e c t iv e ly .  T h e  e f fe c t  o f  
g ro w th  ra te  o n  th e  d e r iv e d  v a r ia b le s  o f  b io m a s s  a n d  e th a n o l y ie ld s  ( g lu c o s e  an d  
m a g n e s iu m ) , e th a n o l p r o d u c t io n  ( c e ll  a n d  d r y  w e ig h t)  a n d  g lu c o s e  u p ta k e s  ( c e ll  a n d  d ry  
w e ig h t)  a re  s h o w n  in  F ig u r e s  3 .8 7  a n d  3 .8 8 , 3 .8 9  a n d  3 .9 0 , 3 .9 1 , 3 .9 2 , 3 .9 3 , an d  3 .9 4  
r e s p e c t iv e ly .  T h e  in it ia t io n  o f  th e  p u ls e  is  in d ic a te d  b y  th e  d o tte d  l in e  at z e ro  h o u rs  
w ith  th e  s te a d y -s ta te  p a ra m e te r  v a lu e s  b e in g  g iv e n  p r io r  to th is  z e ro  t im e . T h e  re s u lts  
f o r  th e  m a g n e s iu m  p u ls e  o f  3 0 0 ) iM  a re  n o t  p re s e n te d  h e re  a s  th e  tre n d s  a re  id e n t ic a l to  
th e  tre n d s  a p p e a r in g  f o r  a  1 4 0 p M  m a g n e s iu m  p u ls e .
T h e  re s u lts  f o r  the c e l l  c o n c e n tra t io n  ( F ig u r e  3 .7 3 ) , o p t ic a l d e n s it y  ( F ig u r e  3 .7 4 ) , 
a n d  d r y  w e ig h t  ( F ig u r e  3 .7 5 )  a ll  s h o w  a s m o o th , p ro g re s s iv e  in c re a s e  in  th e  c e l l  
p o p u la t io n  as th e  m a g n e s iu m  c o n c e n tra t io n  w ith in  th e  c h e m o s ta t  ( F ig u r e  3 .7 9 )  is  ra is e d  
d u e  to  th e  e x tra  m a g n e s iu m  p re s e n t w ith in  th e  m ix in g  v e s s e l ( F ig u r e  3 .8 0 ) . T h e  
m a x im a  f o r  th e se  c u r v e s  a ll  a p p e a r  at 1 6 h rs as d o e s  th e  e n d  o f  th e  p u ls e .  T h e  c u r v e  fo r  
th e  m e a n  c e l l  v o lu m e  ( F ig u r e  3 .7 6 )  is  c o m p le m e n t a r y  to the c e l l  c o n c e n t ra t io n  in  th at it  
in d ic a te s  a n  in c re a s e  in  c e l l  d iv is io n  w ith  th e  a s s o c ia te d  p r o d u c t io n  o f  m a n y  s m a lle r
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d a u g h te r  c e l ls .  T h e s e  d a u g h te r  c e l ls  th e n  a p p e a r  to  g ro w  in  s iz e  as in d ic a te d  b y  the  
r e c o v e r y  o f  the c e l l  v o lu m e  as th e  p u ls e  fa d e s  a w a y . T h e  in c re a s e  in  c e l l  n u m b e rs  
s u p e r f ic ia l ly  a c c o u n ts  f o r  th e  in c re a s e  in  d r y  w e ig h t  in fe r r in g  th a t th e  c e l ls  m a y  b e c o m e  
s m a lle r  b u t  d o  n o t  b e c o m e  m o r e  d e n se .
T h e  e th a n o l c o n c e n tra t io n  ( F ig u r e  3 .7 7 )  w ith in  th e  c h e m o s ta t  r is e s  c o n c o m it a n t ly  
w ith  th e  in c re a s e  in  c e l l  n u m b e rs  a n d  d r y  w e ig h t , a lso  r e a c h in g  its  h ig h e s t  v a lu e  at 
1 6 h rs. H o w e v e r ,  as c a n  b e  seen  f r o m  F ig u r e s  3 .9 1  an d  3 .9 2 , th e  e th a n o l p r o d u c t io n  is  
n o t  a ffe c te d  b y  th e se  c h a n g e s  b u t ra th e r it  r e m a in s  c o n sta n t d u r in g  th e  e x p a n s io n  o f  th e  
p o p u la t io n  an d  th e re fo re  th e  r is e  in  e th a n o l is  a c c o u n te d  f o r  b y  th e  s im p le  in c re a s e  in  
th e  c e l l  p o p u la t io n . I n te re s t in g ly , it  is  o n ly  w h e n  th e  p u ls e  is  o v e r  a n d  the c e l l  
p o p u la t io n  is  b e in g  w a s h e d  o u t o f  th e  c h e m o s ta t , b y  th e  p ro g re s s iv e  re tu rn  to  
m a g n e s iu m - lim ita t io n , th at th e  fe r m e n ta t iv e  m e ta b o lis m  o f  th e  c e l ls  c h a n g e s , as 
in d ic a te d  b y  th e  r is e  in  e th a n o l p r o d u c t io n  a fte r  th e  16 h o u r  m a rk .
S im i la r ly ,  d u r in g  th e  e x p a n s io n  o f  th e  c e l l  p o p u la t io n , th e  b io m a s s  y ie ld  f r o m  
g lu c o s e  ( F ig u r e  3 .8 7 )  is  n o t  a ffe c te d , a g a in  in fe r r in g  th at th e  c e l ls  a re  n o t  a lte r in g  th e ir  
m e ta b o lis m  to u t i l is e  th e  g lu c o s e  o n  a  fe r m e n ta t iv e  b a s is  b u t  ra th e r  th e  d e c re a s e  in  th e  
c h e m o s ta t  g lu c o s e  c o n c e n tra t io n  ( F ig u r e  3 .7 8 )  as the p u ls e  p ro g re s s e s  is  d ir e c t ly  
a c c o u n te d  f o r  b y  th e  in c re a s e  in  b io m a s s . A g a in  h o w e v e r ,  th e re  d o e s  a p p e a r  to  b e  a 
c h a n g e  in  c e l l  m e t a b o lis m  a fte r  th e  16 h o u r  m a r k  as th e  b io m a s s  y ie ld  d e c re a s e s .
T h e  p a tte rn  is  re p e a te d  f o r  th e  g lu c o s e  c o n s u m p t io n  ( F ig u r e s  3 .9 3  a n d  3 .9 4 )  
w h e re  th e  g lu c o s e  c o n s u m p t io n  re m a in s  le v e l f o r  th e  d u ra t io n  o f  th e  p u ls e  b u t  b e g in s  to 
r is e  a fte r  16hrs.
T h e  p a tte rn  is  n o t  re p e a te d  f o r  th e  m e d iu m  o x y g e n  le v e ls  ( F ig u r e  3 .8 6 )  w h e re  a  
d e c re a s e  is  o b s e rv e d  as th e  p u ls e  in te n s if ie s  b u t  in s te a d  o f  th is  b e in g  a c c o u n te d  f o r  b y  
th e  c h a n g e s  in  c e l l  c o n c e n tra t io n  o r  b io m a s s  it  c a n  b e  seen  f r o m  F ig u r e s  3 .8 3  a n d  3 .8 4
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th a t th e  o x y g e n  u p ta k e  ra te  p e r  c e l l  o r  p e r  m i l l ig r a m  o f  d r y  w e ig h t  d o e s  n o t  re m a in  
c o n s ta n t  b u t in s te a d  d e cre a s e s . T h i s  w o u ld  in fe r  th at th e re  is  a  c h a n g e  in  th e  
m e ta b o lis m  o f  th e  c e l ls  to w a rd s  a  le s s  r e s p ira t iv e  state w ith o u t  a n y  c o m p e n s a to r y  r is e  in  
fe r m e n ta t iv e  m e ta b o lis m  (as a rg u e d  a b o v e ) .
F ig u r e s  3 .8 1  a n d  3 .8 2  s h o w  th at d u r in g  th e  t im e  w h e n  th e  fe r m e n ta t iv e  
m e ta b o lis m  o f  th e  c e l l  is  r e m a in in g  c o n s ta n t , the  c e l lu la r  m a g n e s iu m  le v e ls  a re  
in c re a s in g ;  b u t w h e n  th e  p u ls e  fa d e s , th e  fe r m e n ta t iv e  m e ta b o lis m  in c re a s e s  a n d  th e  
c e l lu la r  m a g n e s iu m  c o n c e n tra t io n  fa lls .  T h i s  is  in  k e e p in g  w ith  th e  re s u lts  o f  s e c t io n  
3 .2 .2 .3 :  m a g n e s iu m  lim it a t io n  at 5 0 p .M  w h e re  e th a n o l p r o d u c t io n  w a s  g re a te st w h e n  the  
c e l lu la r  m a g n e s iu m  le v e ls  w e re  lo w e s t.
O v e r a l l ,  it  w o u ld  a p p e a r  th at th e  m a g n e s iu m  p u ls e  l i f t s  a l l  l im it a t io n s  in  c e l l  
g ro w th  a n d  a llo w s  an  e x p a n s io n  o f  th e  c e l l  p o p u la t io n  to  o c c u r  w ith o u t  a f fe c t in g  the  
fe r m e n ta t iv e  m e ta b o lis m  o f  th e  c e l ls  a lth o u g h  a  d e c re a s e  in  th e  r e la t iv e  c o n t r ib u t io n  o f  
r e s p ira t io n  to  th e  re s p ir o - fe n n e n t a t iv e  state is  in fe r re d  b y  th e  d e c re a s e  in  th e  o x y g e n  
u p ta k e  ra te . W h e n  th e  p u ls e  fa d e s  a w a y , th e  l im it a t io n s  o n  c e l l  g ro w th  re tu rn  a n d  th e  
p o p u la t io n  c o n tra c ts  a n d  it  is  th e n  th a t c h a n g e s  in  th e  c e l ls  fe r m e n ta t iv e  m e ta b o lis m  
a p p e a r.
T h e  o x y g e n  u p ta k e  ra te  o f  th e  c e l ls  d e c re a s e s  d u r in g  th e  p u ls e  b u t th e  le v e ls  o f  
o x y g e n  w ith in  th e  m e d iu m  a lso  d e c re a s e . T h u s ,  th e  o v e r a l l  in c re a s e  in  c e l l  b io m a s s  
c a u s e s  a d e p le t io n  o f  o x y g e n  f r o m  th e  m e d iu m , p o s s ib ly  f o r  th e  s y n th e s is  o f  c e l l-  
m e m b r a n e  c o m p o n e n ts  as m e n t io n e d  in  s e c t io n  1 .2 .3 .2 ., b u t th e  c e l ls  o n  an  in d iv id u a l  
b a s is  u t i l iz e  le s s  o x y g e n . T h is  c o u ld  b e  a c c o u n te d  f o r  b y  in fe r r in g  th a t th e  re s p ira to ry  
c a p a c it y  o f  th e  c e l ls  is  n o t  in c re a s in g  w ith  th e  in c re a s e  in  b io m a s s  b u t  is  in s te a d  
r e m a in in g  at a  c o n s ta n t  le v e l as h y p o th e s iz e d  f r o m  th e  re s u lts  o f  s e c t io n  3 .2 .2 .3 :  
m a g n e s iu m  lim it a t io n  at 9 0 | iM . H o w e v e r ,  i t  is  im p o s s ib le  to d if fe r e n t ia te  b e tw e e n  the  
o x y g e n  u se d  f o r  s tru c tu ra l p u rp o s e s  a n d  th a t u s e d  f o r  r e s p ira to ry  a c t iv it ie s  u s in g  the  
d a ta  p re s e n te d  h e re .
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Figure 3.73: The influence of a 140uM magnesium-pulse on the steady-state cell
concentration within a chemostat held at a dilution rate of 0.15/hrs originally derived from
a magnesium-limitation of 50uM.
Cell Concentration
F i g u r e  3 .7 4 :  T h e  in f lu e n c e  o f  a 1 4 0 u M  m a g n e s iu m -p u ls e  o n  the ste a d y-s ta te  o p t ic a l  
d e n s ity  w ith in  a ch e m o s ta t  h e ld  at a d ilu t io n  rate o f  0 .1 5 /hrs o r ig in a l ly  d e r iv e d  f r o m  a 
m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Optical Density
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Figure 3.75: The influence of a 140uM magnesium-pulse on the steady-state cell dry
weight within a chemostat held at a dilution rate of 0.15/hrs originally derived from a
magnesium-limitation of 50uM.
Dry Weight
F i g u r e  3 .7 6 :  T h e  in f lu e n c e  o f  a 1 4 0 u M  m a g n e s iu m -p u ls e  o n  the s te a d y -s ta te  m e a n  c e l l  
v o lu m e  w ith in  a c h e m o s ta t  h e ld  at a d ilu t io n  rate  o f  0 .1 5 /h rs o r ig in a l ly  d e r iv e d  f r o m  a  
m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Mean Cell Volume
147
Figure 3.77: The influence of a 140uM magnesium-pulse on the steady-state ethanol
concentration within a chemostat held at a dilution rate of 0 .15/hrs originally derived from
a magnesium-limitation of 50uM.
Ethanol
F i g u r e  3 .7 8 :  T h e  in f lu e n c e  o f  a 1 4 0 u M  m a g n e s iu m -p u ls e  o n  the s te a d y-sta te  g lu c o s e  
c o n c e n tra t io n  w ith in  a c h e m o s ta t  h e ld  at a d ilu t io n  rate o f  0 . 15/hrs o r ig in a l ly  d e r iv e d  f r o m  
a m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Glucose
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Figure 3.79: The influence of a 140uM magnesium-pulse on the steady-state magnesium
concentration within a chemostat held at a dilution rate of 0 .15/hrs originally derived from
a magnesium-limitation of 50uM.
Chemostat Magnesium
F i g u r e  3 .8 0 :  T h e  m a g n e s iu m  c o n c e n tra t io n  w ith in  the re s e rv o ir  m e d iu m  b e fo re  a n d  a fte r  
the a d d it io n  o f  m a g n e s iu m  re q u ire d  to g e n e ra te  the m a g n e s iu m -p u ls e  w ith in  the c h e m o sta t.
Reservoir Magnesium
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Figure 3.81: The influence of a 140uM magnesium-pulse on the steady-state cell
magnesium concentration, expressed as a ratio of cell concentration, within a chemostat
held at a dilution rate of 0 .15/hrs originally derived from a magnesium-limitation of 50uM.
Cellular Magnesium
F i g u r e  3 .8 2 :  T h e  in f lu e n c e  o f  a  1 4 0 u M  m a g n e s iu m -p u ls e  o n  the ste a d y-sta te  c e l l  
m a g n e s iu m  c o n c e n tra t io n , e x p re s s e d  as a ra tio  o f  d r y  w e ig h t, w ith in  a  c h e m o s ta t  h e ld  at 
a d ilu t io n  rate  o f  0 . 15/hrs o r ig in a lly  d e r iv e d  f r o m  a m a g n e s iu m - lim ita d o n  o f  5 0 u M .
Cellular Magnesium
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Figure 3.83: The influence of a 140uM magnesium-pulse on the steady-state oxygen
uptake rate, expressed as a ratio of cell concentration, within a chemostat held at a dilution
rate of 0.15/hrs originally derived from a magnesium-limitation of 50uM.
Oxygen Uptake Rate
F i g u r e  3 .8 4 :  T h e  in f lu e n c e  o f  a  1 4 0 u M  m a g n e s iu m -p u ls e  o n  the ste a d y-sta te  o x y g e n  
u p ta k e  rate , e x p re s s e d  as a ra tio  o f  d ry  w e ig h t, w ith in  a  ch e m o sta t h e ld  at a  d i lu t io n  rate  
o f  0 .1 5 / h rs  o r ig in a l ly  d e r iv e d  fro m  a m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Oxygen Uptake Rate
Time, h ou rs
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Figure 3.85: The influence of a 140uM magnesium-pulse on the steady-state pH within a
chemostat held at a dilution rate of 0.15/hrs originally derived from a
magnesium-limitation of 50uM.
pH
F ig u r e  3 .8 6 :  T h e  in f lu e n c e  o f  a 1 4 0 u M  m a g n e s iu m -p u ls e  o n  the stea d y-sta te  o x y g e n  le v e ls  
w ith in  a c h e m o s ta t  h e ld  at a d ilu t io n  rate o f  0 .1 5 /h rs o r ig in a l ly  d e r iv e d  f r o m  a 
m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Medium Oxygen Levels
152
Figure 3.87: The influence of a 140uM magnesium-pulse on the steady-state biomass yield
(glucose) within a chemostat held at a dilution rate o f 0.15/hrs originally derived from a
magnesium-limitation of 50uM.
Biomass Yield (Glucose)
F i g u r e  3 .8 8 :  T h e  in f lu e n c e  o f  a 1 4 0 u M  m a g n e s iu m -p u ls e  o n  the s te a d y-sta te  e th a n o l y ie ld  
(g lu c o s e )  w ith in  a ch e m o s ta t  h e ld  at a  d ilu t io n  rate o f  0 .1 5 /hrs o r ig in a l ly  d e r iv e d  f r o m  a 
m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Ethanol Yield (Glucose)
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Figure 3.89: The influence of a 140uM magnesium-pulse on the steady-state biomass yield
(magnesium) within a chemostat held at a dilution rate of 0.15/hrs originally derived from
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F i g u r e  3 .9 0 :  T h e  in f lu e n c e  o f  a 1 4 0 u M  m a g n e s iu m -p u ls e  o n  the ste a d y-sta te  b io m a s s  y ie ld  
( m a g n e s iu m )  w ith in  a c h e m o sta t h e ld  at a d ilu t io n  rate o f  0 .1 5 /h rs  o r ig in a l ly  d e r iv e d  f r o m  




F i g u r e  3 .9 1 :  T h e  in f lu e n c e  o f  a  1 4 0 u M  m a g n e s iu m -p u ls e  o n  the ste a d y-sta te  e th a n o l  
p r o d u c t io n , e x p re s s e d  as a  ra tio  o f  c e l l  c o n c e n tra t io n , w ith in  a c h e m o s ta t  h e ld  at a  d i lu t io n  
rate  o f  0 .1 5 /h rs  o r ig in a l ly  d e r iv e d  f r o m  a m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Ethanol Production
F i g u r e  3 .9 2 :  T h e  in f lu e n c e  o f  a  1 4 0 u M  m a g n e s iu m -p u ls e  o n  the s te a d y-sta te  e th a n o l 
p r o d u c t io n ,  e x p re s s e d  as ra tio  o f  d ry  w e ig h t, w ith in  a c h e m o s ta t  h e ld  at a d ilu t io n  rate  o f  
0 .1 5 /h rs  o r ig in a l ly  d e r iv e d  f r o m  a m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Ethanol Production
Time, h o u rs
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F i g u r e  3 .9 3 :  T h e  in f lu e n c e  o f  a  1 4 0 u M  m a g n e s iu m -p u ls e  o n  the s te a d y -s ta te  g lu c o s e  
c o n s u m p t io n , e x p re s s e d  as a  ra tio  o f  c e l l  co n c e n tra t io n , w ith in  a  c h e m o s ta t  h e ld  at a  
d ilu t io n  ra te  o f  0 .1 5 /hrs o r ig in a lly  d e r iv e d  f r o m  a m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Glucose Consumption
F i g u r e  3 .9 4 :  T h e  in f lu e n c e  o f  a  1 4 0 u M  m a g n e s iu m -p u ls e  o n  the ste a d y-sta te  g lu c o s e  
c o n s u m p t io n , e x p re s s e d  as a ra t io  o f  d r y  w e ig h t, w ith in  a c h e m o s ta t  h e ld  at a  d i lu t io n  rate  




3.2.4. The Effect of a Magnesium Spike on the Chemostat Steady- 
State
3.2.4 .1 . Introduction
T h e  in tr o d u c t io n  o f  a m a g n e s iu m  p u ls e  to  the c e l l  p o p u la t io n  w ith in  the  
c h e m o s ta t  a p p e a re d  to p e rm it  a p e r io d  o f  g ro w th  s im i la r  to a  b a tc h  g ro w th  c u rv e  
a lth o u g h  th ere  a p p e a re d  to  be n o  im m e d ia te  e f fe c t  o n  the c e l ls ' m e ta b o lis m . H o w e v e r ,  
i f  the in c re a s e  in  m a g n e s iu m  w ith in  the c h e m o s ta t  o c c u r s  r a p id ly  th en  it  is  e x p e c te d  that 
o n ly  the fa s te r , m o re  sh o rt-te rm  m e ta b o lic  p ro c e s s e s  w i l l  be a b le  to re s p o n d  w h e re a s  the  
s lo w e r ,  lo n g - te rm  p ro c e s s e s  o f  g ro w th  w i l l  n o t be  a b le  to  u t i l iz e  the m a g n e s iu m  b e fo re  
it  is  w a sh e d  o u t  o f  the s y s te m . U p ta k e  p atte rn s  f r o m  b a tch  s tu d ie s  w o u ld  s u g g e s t  that 
d e sp ite  th is , the  c e l l  p o p u la t io n  p re se n t at the in t r o d u c t io n  o f  the s p ik e  w i l l  h a v e  t im e  to  
u t il iz e  the e x tra  m a g n e s iu m  an d  th e re fo re  a d is t in c t io n  b e tw e e n  the m e ta b o lic  re s p o n s e  
an d  the g ro w th  re s p o n s e  o f  the c e l l  p o p u la t io n  m a y  n o t be id e n t if ia b le .
3.2 .4 .2 . M ethods
T h e  c h e m o s ta t  se t-u p  h a s  b e e n  d e ta ile d  in  s e c t io n  2 .2 .1 ;  the m e d iu m  p re p a ra t io n  
in  s e c t io n  2 .2 .2 ;  the in o c u lu m  p re p a ra t io n  in  s e c t io n  2 .2 .3 ;  and  the a n a ly s e s  o f  s a m p le s  
in  s e c t io n  2 .3 .
C o n t in u o u s  c u ltu re  w a s  in it ia te d  as d e s c r ib e d  in  s e c t io n  2 .2 .3  w ith  the e x c e p t io n  
th at the d i lu t io n  rate  w a s  set im m e d ia t e ly  at 0 .1 5 h rs “ l  a n d  the c h e m o s ta t  a llo w e d  to  
e q u il ib ra t e  f o r  f o u r  fe rm e n te r  v o lu m e s . T h e  c h e m o s ta t  w a s then  s a m p le d , a llo w e d  to  
re c o v e r ,  s a m p le d  a s e c o n d  t im e  a n d  a g a in  a re - e q u il ib r a t io n  p e rm itte d  b e fo re  a th ird  
s a m p le  w a s  r e m o v e d  f r o m  th e  c h e m o s ta t  w h e re u p o n  the sy s te m  w a s  a llo w e d  to  
e s ta b lis h  a s te a d y  state o v e r  f o u r  fe rm e n te r  v o lu m e s .
O n c e  s te a d y -s ta te  h a d  b e e n  a c h ie v e d , 2 m ls  o f  the m a g n e s iu m  s to c k  s o lu t io n  w a s  
in je c te d  in to  th e  c h e m o s ta t  u s in g  a s te r ile  s y r in g e . T h i s  im m e d ia t e ly  ra is e d  the  
m a g n e s iu m  c o n c e n tra t io n  w ith in  the c h e m o s ta t  f r o m  a re s id u a l le v e l to  1 6 0 q .M  ( F ig u r e  
3 .1 0 1 )  w h ils t  m a in ta in in g  the fe e d  c o n c e n tra t io n  w ith in  th e  m ix in g  v e s s e l at 5 0 p .M  
( F ig u r e  3 .1 0 2 ) . N o  c h a n g e s  w e re  m a d e  to a n y  o f  the p u m p in g  ra tes. T h is  p ro c e d u re  
w a s re p e a te d  f o r  a m a g n e s iu m  s p ik e  o f  2 4 0 q M .
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A g a in ,  n o rm a l s a m p lin g  a c c o r d in g  to s e c t io n  2 .2 .3  c o u ld  n o t  b e  fo l lo w e d  and  
th e re fo re  th e  m e t h o d o lo g y  d e ta ile d  in  s e c t io n  3 .2 .3 .2  w a s  u se d .
3.2 .4 .3 . Results and D iscussion
The Effect of a 160|iM Magnesium Spike on the Chemostat Steady-State
T h e  re s u lts  d e ta il s e v e ra l d ire c t ly  m e a s u re d  and  d e r iv e d  fe rm e n ta t iv e  and  
re s p ira t iv e  a sp e cts  o f  the c o n t in u o u s , m a g n e s iu m - lim ite d  g ro w th  o f  a  c e l l  p o p u la t io n  o f  
S. c e rev is ia e  r e s p o n d in g  to  a  s p ik e  o f  m a g n e s iu m  d ir e c t ly  in to  the c h e m o s ta t .
C h a n g e s  in  th e  m e a s u re d  p a ra m e te rs  ( c e ll  c o n c e n tra t io n , m e d iu m  a b s o rb a n c e , c e l l  
d ry  w e ig h t , m e a n  c e l l  v o lu m e , m e d iu m  e th a n o l, g lu c o s e , a n d  m a g n e s iu m , c e l lu la r  
m a g n e s iu m  le v e ls ,  o x y g e n  u p ta k e  ra te , m e d iu m  p H  a n d  o x y g e n  le v e ls )  as a  fu n c t io n  o f  
the m a g n e s iu m - c o n tr o l le d  g ro w th  rate  are  s h o w n  in  F ig u r e s  3 .9 5 , 3 .9 6 , 3 .9 7 , 3 .9 8 , 3 .9 9 , 
3 .1 0 0 , 3 .1 0 1 , 3 .1 0 2 , 3 .1 0 3 , 3 .1 0 4 , 3 .1 0 5 , 3 .1 0 6 , 3 .1 0 7 , a n d  3 .1 0 8  r e s p e c t iv e ly .  T h e  
e f fe c t  o f  g ro w th  ra te  o n  the d e r iv e d  v a r ia b le s  o f  b io m a s s  an d  e th a n o l y ie ld s  (g lu c o s e  
a n d  m a g n e s iu m ) , e th a n o l p ro d u c t io n  ( c e ll a n d  d r y  w e ig h t)  a n d  g lu c o s e  u p ta k e  (c e ll and  
d r y  w e ig h t)  are  s h o w n  in  F ig u r e s  3 .1 0 9 , 3 .1 1 0 , 3 .1 1 1 , 3 .1 1 2 , 3 .1 1 3 , 3 .1 1 4 , 3 .1 1 5 , an d  
3 .1 1 6  re s p e c t iv e ly .  T h e  in tr o d u c t io n  o f  the s p ik e  is  in d ic a te d  b y  the d o tte d  lin e  at ze ro  
h o u rs  w ith  the s te a d y -s ta te  p a ra m e te r  v a lu e s  b e in g  g iv e n  p r io r  to  th is  z e ro  t im e . T h e  
re s u lts  f o r  the m a g n e s iu m  s p ik e  o f  2 4 0 p M  are  n o t  p re se n te d  h e re  as the tre n d s  are  
id e n t ic a l to  th o se  a p p e a r in g  fo r  the 1 6 0 j iM  m a g n e s iu m  s p ik e .
T h e  m o s t  im m e d ia te  re s u lt  o f  in t r o d u c in g  a  s p ik e  o f  m a g n e s iu m  to  the c h e m o s ta t  
w a s  the ra p id  in c re a s e  in  c e l l  n u m b e rs  ( F ig u r e  3 .9 5 )  w ith  th e  c e l l  c o n c e n tra t io n  
re a c h in g  a  m a x im u m  a fte r  7 h rs  as c o n tra s te d  w ith  the c e l l  c o n c e n tra t io n  d u r in g  the  
p u ls e  e x p e r im e n t  ( F ig u r e  3 .7 3 )  w h ic h  re a c h e d  a  m a x im u m  a fte r  1 6 hrs.
In the ca s e  f o r  m a g n e s iu m , it  is  a lre a d y  k n o w n  that u n d e r  l im it a t io n ,  c e l ls  o f  S. 
p n m b e  re q u ire  a c r it ic a l  in t r a c e llu la r  c o n c e n tra t io n  o f  m a g n e s iu m  to b e  re a c h e d  b e fo re  
c e l l  d iv is io n  ca n  be in it ia te d  ( W a lk e r  a n d  D u f f u s ,  1 980) a n d  th e re fo re  it  is  p o s s ib le  that
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a s im i la r  s itu a t io n  is  to b e  fo u n d  in  S. c e re v is ia e ; a  h y p o th e s is  a lre a d y  su g g e s te d  f r o m  
the b a tch  re s u lts  ( s e c t io n  3 .1 .1 .3 ) .
T h e  fre s h  m a g n e s iu m  in tro d u c e d  in to  the m e d iu m  ( F ig u re  3 .1 0 1 )  is  q u ic k ly  ta k e n  
up  b y  the c e l ls  ( F ig u r e s  3 .1 0 3  an d  3 .1 0 4 ) , p e rm it t in g  ra p id  c e l l  d iv is io n  th at re s u lts  in  
an im m e d ia te  in c re a s e  in  c e l l  n u m b e rs . ( A  c o r o l la r y  to the in c re a s e  in  c e l l  n u m b e rs  is  
the s ig n if ic a n t  d e c lin e  in  the p H  o f  the m e d iu m  ( F ig u re  3 .1 0 7 )  w h ic h  in d ic a te s  an  
in c re a s e  in  m e ta b o lic  a c t iv ity  d u e  to p ro to n  e x tr u s io n  b y  an a c t iv e  A T P a s e .)  T h e  m e a n  
c e l l  v o lu m e  d ro p s  s h a rp ly  w ith in  the f ir s t  tw o  h o u rs  ( F ig u re  3 .9 8 )  as a re s u lt  o f  th is  c e l l  
d iv is io n .  T h e  m a n y  s m a lle r  d a u g h te r  c e l ls  p ro d u c e d  then  g ro w  o n  an  in d iv id u a l  b a s is  
o v e r  the n e x t f o u r  h o u rs  ( F ig u r e  3 .9 7  a n d  F ig u r e  3 .9 8 )  w h e re u p o n  a s e c o n d  g e n e ra t io n  
o f  c e l ls  is  p ro d u c e d , as in d ic a te d  b y  the s e c o n d  d ro p  in  c e l l  v o lu m e  f r o m  the 6 -to -  
lO h o u r  m a rk  ( F ig u r e  3 .9 8 ) .
H e n c e , th e  re le a s e  f r o m  m a g n e s iu m - lim ita t io n  b y  the s p ik e  d o e s  n o t  re s u lt  in  an  
im m e d ia te  in c re a s e  in  b io m a s s ;  i.e . s y n th e s is  o f  c e l lu la r  m a te r ia l;  b u t  in s te a d  re le a s e s  
l im it a t io n s  w ith in  th e  c e l l  c y c le  re s u lt in g  in  c e l l  d iv is io n  w ith  the in d iv id u a l  m o th e r  
c e l ls  h a v in g  to e f f e c t iv e ly  h a lf  th e ir  c e l l  m a te r ia l to  a c h ie v e  c e l l  r e p lic a t io n .
T h e  c e l l  d ry  w e ig h t  ( F ig u r e  3 .9 7 )  a n d  o p t ic a l d e n s ity  ( F ig u r e  3 .9 6 )  la g  b e h in d  the  
c e l l  c o n c e n tra t io n  in  r e a c h in g  th e ir  m a x im a  (1 2 - 1 4 h rs), as is  to  b e  e x p e c te d  f r o m  th ese  
d e d u c t io n s , b u t b e a r  a c lo s e  s im ila r it y  to  th e  re s u lts  o f  the m a g n e s iu m  p u ls e  (1 6 h rs ) . 
H o w e v e r ,  the e f fe c t  o f  the m a g n e s iu m - s p ik e  d o e s  n o t re s u lt  in  a d is t in c t  w a s h o u t  o f  
c e l ls  ( F ig u r e  3 .9 5 )  in  the m a n n e r  e x h ib ite d  b y  the m a g n e s iu m - p u ls e  ( F ig u r e  3 .7 3 )  b u t  
ra th e r  the c e l l  n u m b e rs  ta k e  n e a r ly  tw ic e  as lo n g  in  the s p ik e  e x p e r im e n t  to  f a l l  b a c k  to  
th e ir  o r ig in a l le v e l.  T h i s  w o u ld  in d ic a te  th at the w a s h o u t e f fe c t  o f  the c h e m o s ta t  is  
b e in g  m o re  s t ro n g ly  c o m p e n s a te d  f o r  b y  th e  s p ik e 's  c e l l  p o p u la t io n  a n d  th at th e  s p ik e 's  
e f fe c t  o n  c e l l  r e p lic a t io n  is  m o re  p ro n u n c e d  th a n  th a t o f  the p u ls e .
T h a t  o n ly  a  r e la t iv e ly  s m a ll q u a n t ity  o f  g lu c o s e  is  ta k e n  f r o m  the m e d iu m  w ith in  
th e  f ir s t  6 h rs  ( F ig u r e  3 .1 0 0 ) , la g g in g  b e h in d  the a p p e a ra n c e  o f  th e  n e w  c e l ls ,  w o u ld
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s u g g e s t  th at th e  in it ia l  p o p u la t io n  p re se n t d o e s  n o t h a v e  t im e  to  re m o v e  g lu c o s e  f r o m  
the m e d iu m  f o r  c e l l  re p lic a t io n  an d  th at it  is  the  d a u g h te r  c e l ls  th at c o n s u m e  the g lu c o s e  
f o r  the p ro d u c t io n  o f  c e l l  c o n s t itu e n ts  a n d  h e n c e  the s e c o n d  g e n e ra t io n  o f  c e lls .
D if f e r e n c e s  b e tw e e n  the g lu c o s e  c o n s u m p t io n  b a se d  o n  d ry  w e ig h t  ( F ig u r e  3 .1 1 6 )  
a n d  the c o n s u m p t io n  o n  a  p e r c e l l  b a s is  ( F ig u r e  3 .1 1 5 )  a re  n o t ic e a b le . T h e  f o r m e r  
re v e a ls  a s l ig h t  in c re a s e  in  u p ta k e  o v e r  the f ir s t  6 h rs  w h e re a s  the la tte r  is  c o n s ta n t  w ith  
o n ly  a s l ig h t  d e c re a s e  o c c u r r in g . H e n c e ,  the g lu c o s e  le v e ls  w ith in  th e  c h e m o s ta t  
d e cre a s e  w h ils t  the c e l l  c o n c e n tra t io n  in c re a s e s  an d  the d ry  w e ig h t  re m a in s  co n sta n t;  
th is  re s u lts  in  th e  g lu c o s e  c o n s u m p t io n  p e r  c e l l  re m a in in g  c o n s ta n t  w h ils t  g lu c o s e  
c o n s u m p t io n  p e r  g ra m  in c re a s e s .
T h e  q u a n t ity  o f  n e w  e th a n o l a p p e a r in g  in  the m e d iu m  ( F ig u r e  3 .9 9 )  is  lo w e r  than  
m ig h t  h a v e  b e e n  e x p e c te d  i f  the c e l ls  w e re  re s p o n d in g  to th e  m a g n e s iu m  s p ik e  o n  a 
s o le ly  m e ta b o lic  le v e l b u t w o u ld  a g a in  a p p e a r  to s u p p o rt  the h y p o th e s is  that the p r im a ry  
re s u lt  o f  the m a g n e s iu m  w a s  a re le a s e  o f  th e  c e l l  c y c le  f r o m  lim it a t io n .
T h e  re s u lts  f o r  the e th a n o l p ro d u c t io n  o f  the c e l l  p o p u la t io n  ( F ig u r e s  3 .1 1 3  and  
3 .1 1 4 )  a g a in  re v e a l a d if fe r e n c e  b a se d  o n  d ry  w e ig h t  a n d  c e l l  n u m b e r  c a lc u la t io n s . O n  
a p e r  c e l l  b a s is , the  e th a n o l p ro d u c t io n  v a lu e  fa l ls  v e ry  q u ic k ly  to a m in im u m  6 h rs  a fte r  
the s p ik e  w h e re a s  o n  a  d ry  w e ig h t  b a s is  the e th a n o l p ro d u c t io n  re m a in s  f a i r ly  c o n s ta n t  
f o r  the 6 h rs . H e n c e ,  the e th a n o l le v e ls  w ith in  the c h e m o s ta t  r e m a in  c o n s ta n t  w h ils t  the  
c e l l  c o n c e n tra t io n  in c re a s e s  a n d  the d ry  w e ig h t  re m a in s  co n s ta n t; th is  re s u lts  in  the  
e th a n o l p r o d u c t io n  p e r  c e l l  d e c re a s in g  w h ils t  e th a n o l p ro d u c t io n  p e r  g ra m  re m a in s  
co n sta n t.
I f  the  r e d u c t io n  in  m e d iu m  o x y g e n  le v e ls  ( F ig u r e  3 .1 1 8 )  is  to b e  a c c o u n te d  f o r  in  
a s im i la r  m a n n e r  th en  it  w o u ld  b e  e x p e c te d  th at as th e  o x y g e n  le v e ls  w ith in  the  
c h e m o s ta t  d e c re a s e  w h ils t  the c e l l  c o n c e n tra t io n  in c re a s e s  a n d  the d ry  w e ig h t  re m a in s  
c o n s ta n t  th en  th e  o x y g e n  u p ta k e  ra te  p e r  c e l l  w o u ld  re m a in  c o n s ta n t  w h ils t  th e  o x y g e n  
u p ta k e  rate p e r  g ra m  w o u ld  in c re a s e . F r o m  F ig u r e s  3 .1 0 5  a n d  3 .1 0 6 , it  ca n  b e  seen  that
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th is  is  n o t th e  ca s e  an d  th at the u p ta k e  rate  p e r  c e l l  d e c re a s e s  s h a rp ly  an d  th e  rate  p e r  
g ra m  o f  d ry  w e ig h t  re m a in s  co n sta n t.
T h is  d if fe r e n c e  is  a c c o u n te d  f o r  b y  the ra p id it y  w ith  w h ic h  the c e l l  c o n c e n tra t io n  
in c re a s e s  a n d  the c o m p a r a t iv e  s lo w n e s s  w ith  w h ic h  the d ry  w e ig h t  in c re a s e s . T h u s ,  the  
s p ik e  o f  m a g n e s iu m  d o e s  n o t  a lte r  the o x y g e n  u p ta k e  rate  o f  the to ta l c e l l  d r y  w e ig h t  
p re se n t w ith in  the c u ltu re  b u t in  p e rm it t in g  c e l l  d iv is io n  to o c c u r ,  the u p ta k e  rate  o n  a 
p e r  c e l l  b a s is  is  e f f e c t iv e ly  lo w e re d ;  i.e . the  b io m a s s  w ith in  the m o th e r  c e l ls  re s p o n s ib le  
f o r  the o x y g e n  u p ta k e  is  d iv id e d  in to  the n e w  c e l ls  w ith o u t  a n y  c o m p e n s a t io n  o c c u r r in g .  
H e n c e , th e  n e w ly  s y n th e s iz e d  d a u g h te r  c e l ls  h a v e  a  lo w e r  re q u ire m e n t  f o r  o x y g e n  that 
s te a d ily  in c re a s e s  as in d iv id u a ls  in c re a s e  the q u a n t ity  o f  c e l l  co n s t itu e n ts .
C u r v e s  f o r  the b io m a s s  an d  e th a n o l y ie ld  f r o m  g lu c o s e  are  s h o w n  in  F ig u r e s  
3 .1 0 9  a n d  3 .1 1 0  w ith  b o th  v a r ia b le s  d e c lin in g  r a p id ly  w ith in  the f ir s t  tw o  h o u rs  a fte r  
th e  s p ik e  o n ly  to r e c o v e r  to  th e ir  o r ig in a l  v a lu e s  w ith in  9 h o u rs .
D a ta  f o r  the b io m a s s  a n d  e th a n o l y ie ld  f r o m  m a g n e s iu m  ( F ig u r e s  3 .1 1 1  and  
3 . 1 12) w e re  d i f f i c u l t  to c a lc u la te  g iv e n  that the sy s te m  is  d y n a m ic  in  n a tu re . I n d iv id u a l  
d ata  p o in ts  w o u ld  h a v e  to  b e  c a lc u la t e d  b y  ta k in g  in to  a c c o u n t  th at th e  m a g n e s iu m  fro m  
the s p ik e  w i l l  n o t  o n ly  be u t il iz e d  b y  the c e l ls  b u t w i l l  a ls o  be w a sh e d  o u t o f  the  
c h e m o s ta t . C o n c u r r e n t ly ,  the  w a s h o u t  o f  the s p ik e  m a g n e s iu m  w o u ld  b e  a m e lio ra te d  b y  
the in f lu x  o f  fre s h  m a g n e s iu m  f r o m  the r e s e r v o ir  m e d iu m . In h in d s ig h t , it  m a y  h a v e  
b e e n  m o re  in fo r m a t iv e  to  h a v e  ce a s e d  the in f lu x  o f  f re s h  m e d iu m  to the c h e m o s ta t  fo r  
the d u ra t io n  o f  the s p ik e  as th is  w o u ld  h a v e  re d u c e d  the n u m b e r  o f  c o m p lic a t in g  
v a r ia b le s  b y  e f f e c t iv e ly  'f ix in g ' the a m o u n t  o f  a v a ila b le  m a g n e s iu m , g lu c o s e  a n d  o th e r  
n u tr ie n ts  a n d  at the s a m e  t im e  e n s u r in g  th at a ll  th e  p ro d u c ts  o f  the s p ik e , p r in c ip a l ly  
e th a n o l a n d  b io m a s s , a tta in e d  th e ir  m a x im u m  c o n c e n tra t io n s .
H o w e v e r ,  g iv e n  th at th is  w e re  n o t the c a s e , it  c a n  be a rg u e d  th at in  a l lo w in g  the  
c h e m o s ta t  to  re m a in  o p e ra t io n a l d u r in g  th e  s p ik e  a ll  th e  p a ra m e te rs  w e re  s u b je c te d  to  
th e  sa m e  c o n d it io n s  an d  th e re fo re  a lth o u g h  the le v e ls  o f  v a r io u s  p ro d u c ts  m a y  n o t  h a v e
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a tta in e d  th e ir  true  c o n c e n tra t io n s  the tre n d s  are  n o n e th e le s s  v a l id  in d ic a to r s  o f  the c e l l
p o p u la t io n 's  re s p o n s e  to  the s p ik e .
H e n c e ,  the b io m a s s  a n d  e th a n o l y ie ld  c o - e f f ic ie n t s  w e re  c a lc u la te d  f o r  the data  
p o in t  at w h ic h  the d ry  w e ig h t  a n d  e th a n o l h a d  re a c h e d  th e ir  m a x im u m  v a lu e s  w ith  the  
a s s u m p t io n  th at a ll the  m a g n e s iu m  f r o m  the s p ik e  h a d  b een  m a d e  a v a ila b le  to the c e l l  
p o p u la t io n  as the d ata  p o in ts  u se d  c o r re s p o n d e d  to  th e  t im e  w h e n  a ll  th e  m a g n e s iu m  
f r o m  the s p ik e  h ad  d is a p p e a re d  f r o m  the m e d iu m . T h e  d ata  f o r  the p u ls e  e x p e r im e n t  
w a s tre a te d  in  a s im ila r  m a n n e r .
F r o m  th ese  a s s u m p t io n s , it  ca n  be seen  f r o m  F ig u r e s  3 .1 1 1  a n d  3 .1 1 2  th at a fte r  
7 h rs . b o th  the b io m a s s  a n d  th e  e th a n o l y ie ld  h a v e  fa lle n  s ig n if ic a n t ly  as a  re s u lt  o f  the  
a d d it io n  o f  m a g n e s iu m  a lth o u g h  it  is  fe lt  in a d v is a b le  to d e d u c e  to  m u c h  f r o m  su ch  
te n ta t iv e  c a lc u la t io n s .
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Figure 3.95: The influence of a 160uM magnesium-spike on the steady-state cell
concentration within a chemostat held at a dilution rate of 0.15/hrs originally derived from
a magnesium-limitation of 50uM.
Cell Concentration
Time, hours
F i g u r e  3 .9 6 :  T h e  in f lu e n c e  o f  a 1 6 0 u M  m a g n e s iu m -s p ik e  o n  the s te a d y-sta te  o p t ic a l  
d e n s ity  w ith in  a c h e m o s ta t  h e ld  at a d ilu t io n  rate  o f  0 .15/hrs o r ig in a l ly  d e r iv e d  f r o m  a  
m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Optical Density
Time, h ou rs
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Figure 3.97: The influence of a 160uM magnesium-spike on the steady-state dry cell
weight within a chemostat held at a dilution rate of 0.15/hrs originally derived from a
magnesium-limitation of 50uM.
Dry Weight
F i g u r e  3 .9 8 :  T h e  in f lu e n c e  o f  a 1 6 0 u M  m a g n e s iu m -s p ik e  o n  th e  ste a d y-sta te  m e a n  c e l l  
v o lu m e  w ith in  a  c h e m o s ta t  h e ld  at a d ilu t io n  rate  o f  0 .1 5 /hrs o r ig in a l ly  d e r iv e d  f r o m  a 
m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Mean Cell Volume
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Figure 3.99: The influence of a 160uM magnesium-spike on the steady-state ethanol
concentration within a chemostat held at a dilution rate of 0 .15/hrs originally derived from
a magnesium-limitation of 50uM.
Ethanol
Time, hours
F i g u r e  3 .1 0 0 :  T h e  in f lu e n c e  o f  a 1 6 0 u M  m a g n e s iu m -s p ik e  o n  the ste a d y-sta te  g lu c o s e  
c o n c e n tra t io n  w ith in  a ch e m o sta t h e ld  at a d ilu t io n  rate o f  0 . 15/hrs o r ig in a l ly  d e r iv e d  f r o m  
a m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Glucose
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Figure 3.101: The influence of a 160uM magnesium-spike on the steady-state magnesium
concentration within a chemostat held at a dilution rate of 0 .15/hrs originally derived from
a magnesium-limitation of 50uM.
Chemostat Magnesium
Time, h o u rs
F i g u r e  3 .1 0 2 :  T h e  m a g n e s iu m  c o n c e n tra t io n  w ith in  the re s e rv o ir  m e d iu m  d u r in g  the  
m a g n e s iu m - s p ik e  w ith in  the ch e m o sta t.
Reservoir Magnesium
Time, h ou rs
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Figure 3.103: The influence of a 160uM magnesium-spike on the steady-state cell
magnesium concentration, expressed as a ratio of cell concentration, within a chemostat
held at a dilution rate of 0.15/hrs originally derived from a magnesium-limitation of 50uM.
Cellular Magnesium
Time, hours
F i g u r e  3 .1 0 4 :  T h e  in f lu e n c e  o f  a 1 6 0 u M  m a g n e s iu m -s p ik e  o n  the ste a d y-sta te  c e l l  
m a g n e s iu m  c o n c e n tra t io n , e x p re s s e d  as a ra tio  o f  d ry  w e ig h t, w ith in  a c h e m o s ta t  h e ld  at 
a  d i lu t io n  rate  o f  0 .1 5 A irs  o r ig in a lly  d e r iv e d  f r o m  a m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Cellular Magnesium
Time, h o u rs
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Figure 3.105: The influence of a 160uM magnesium-spike on the steady-state oxygen
uptake rate, expressed as a ratio of cell concentration, within a chemostat held at a dilution
rate of 0.15/hrs originally derived from a magnesium-limitation of 50uM.
Oxygen Uptake Rate
Time, hours
F i g u r e  3 .1 0 6 :  T h e  in f lu e n c e  o f  a 1 6 0 u M  m a g n e s iu m -s p ik e  o n  the s te a d y-sta te  o x y g e n  
u p ta k e  rate , e x p re s s e d  as a  ra tio  o f  d r y  w e ig h t, w ith in  a c h e m o s ta t  h e ld  at a d i lu t io n  rate  
o f  0 .1 5 / h rs  o r ig in a l ly  d e r iv e d  fro m  a m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Oxygen Uptake Rate
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Figure 3.107: The influence of a 160uM magnesium-spike on the steady-state pH within




F i g u r e  3 .1 0 8 :  T h e  in f lu e n c e  o f  a 1 6 0 u M  m a g n e s iu m -s p ik e  o n  the s te a d y-sta te  o x y g e n  
le v e ls  w ith in  a  c h e m o s ta t  h e ld  at a  d ilu t io n  rate o f  0 .1 5 /hrs o r ig in a l ly  d e r iv e d  f r o m  a  
m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Medium Oxygen Levels
Time, h ou rs
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Figure 3.109: The influence of a 160uM magnesium-spike on the steady-state biomass
yield (glucose) within a chemostat held at a dilution rate of 0.15/hrs originally derived
from a magnesium-limitation of 50uM.
Biomass Yield (Glucose)
Time, hours
F i g u r e  3 .1 1 0 :  T h e  in f lu e n c e  o f  a 1 6 0 u M  m a g n e s iu m -s p ik e  o n  the s te a d y -s ta te  e th a n o l  
y ie ld  (g lu c o s e )  w ith in  a c h e m o s ta t  h e ld  at a d ilu t io n  rate o f  0 .1 5 /h rs  o r ig in a l ly  d e r iv e d  




Figure 3.111: The influence of a 160uM magnesium-spike on the steady-state biomass
yield (magnesium) within a chemostat held at a dilution rate of 0.15/hrs originally derived
from a magnesium-limitation of 50uM.
Biomass Yield (Magnesium)
Time, hours
F i g u r e  3 .1 1 2 :  T h e  in f lu e n c e  o f  a  1 6 0 u M  m a g n e s iu m -s p ik e  o n  the ste a d y -s ta te  e th a n o l 
y ie ld  (m a g n e s iu m )  w ith in  a c h e m o sta t h e ld  at a  d i lu d o n  rate o f  0 .1 5 /h rs  o r ig in a l ly  d e r iv e d  
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Figure 3.113: T h e  in f lu e n c e  o f  a 1 6 0 u M  m a g n e s iu m -s p ik e  o n  the s te a d y -s ta te  e th a n o l 
p ro d u c t io n , e x p re s s e d  as a ra tio  o f  c e l l  c o n c e n tra t io n , w ith in  a c h e m o s ta t  h e ld  at a d ilu t io n  
rate o f  0 .1 5 /h rs  o r ig in a lly  d e r iv e d  fr o m  a m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Ethanol Production
Tim e, h o u rs
Figure 3.114: T h e  in f lu e n c e  o f  a 1 6 0 u M  m a g n e s iu m -s p ik e  o n  the s te a d y-sta te  e th a n o l 
p r o d u c t io n , e x p re s s e d  as a  ra tio  o f  d ry  w e ig h t, w ith in  a  c h e m o s ta t  h e ld  at a  d ilu t io n  rate  




F i g u r e  3 .1 1 5 :  T h e  in f lu e n c e  o f  a  1 6 0 u M  m a g n e s iu m -s p ik e  o n  the ste a d y-s ta te  g lu c o s e  
c o n s u m p t io n , e x p re s s e d  as a  ra tio  o f  c e l l  c o n c e n tra t io n , w ith in  a  c h e m o s ta t  h e ld  at a  












Tim e, h o u rs
F i g u r e  3 .1 1 6 :  T h e  in f lu e n c e  o f  a 1 6 0 u M  m a g n e s iu m -s p ik e  o n  the ste a d y-sta te  g lu c o s e  
c o n s u m p t io n , e x p re s s e d  as a ra t io  o f  d ry  w e ig h t, w ith in  a c h e m o s ta t  h e ld  at a  d i lu t io n  rate  
o f  0 .1 5/hrs o r ig in a l ly  d e r iv e d  fro m  a m a g n e s iu m - lim ita t io n  o f  5 0 u M .
Glucose Consumption
Tim e, h o u rs
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CHAPTER 4: DISCUSSION
T h e  g ro w th  re s p o n s e  o f  a  b a tc h  c u ltu re  o f  S acch a ro m yces ce re v is ia e  to  
m a g n e s iu m - lim it a t io n  u n d e r  c o n d it io n s  o f  g lu c o s e -re p re s s io n  w a s  s h o w n  to  b e  
h y p e r b o l ic ,  th u s  in d ic a t in g  a  M o n o d  r e la t io n s h ip . T h e  m a x im u m  g ro w th  ra te  w as  
fo u n d  to  b e  0 .2 0 h rs _ l  w h ils t  K s w a s  e q u a l to  3 6 | iM  a n d  th e  y ie ld  c o - e f f ic ie n t  at 
1/21^m a x  a p p r o x im a te ly  e q u a l to  1 .9 g ra m s  o f  c e l ls  fo rm e d  p e r  m i l l ig r a m  o f  m a g n e s iu m  
re m o v e d  f r o m  th e  m e d iu m . T h e  s tu d y  o f  th e  ste a d y -s ta te  f o r  a n y  g iv e n  l im it in g  
n u tr ie n t  is  sta rted  b y  d e lin e a t in g  th e se  g ro w th  p a ra m e te rs  ( D a w s o n ,  1 9 8 5 ); th e  f ir s t  tw o  
p a ra m e te rs  in d ic a te  h o w  fa s t  an  o rg a n is m  g ro w s  w h ils t  th e  la tte r  tw o  re v e a l h o w  
e f f e c t iv e ly  th e  su b stra te  is  b e in g  u s e d  ( F ie c h te r  e t a l.,  1 9 8 7 ).
M a g n e s iu m  u p ta k e  p a tte rn s  w e re  o b ta in e d  a n d  in d ic a te d  a  p a tte rn  o f  u p ta k e  an d  
re le a s e  th at c o r re s p o n d e d  to  th e  in c re a s e  a n d  d e c re a s e  in  m e ta b o lic  a c t iv it ie s  o f  th e  
p o p u la t io n  fu r th e r  in d ic a t in g  th e  h ig h ly  re g u la te d  n a tu re  o f  th e  io n  w it h in  th e  y e a s t  c e l l  
(Jo n e s  a n d  G r e e n f ie ld ,  1 9 8 4 ). T h e  c o n s is te n t  f in d in g  o f  re le a s e  p a tte rn s  q u e s t io n s  th e  
c o n c e p t  o f  'n u tr ie n t - lim ita t io n ' a n d  th e  e f fe c t  o f  th e  p a tte rn s  o n  th e  g ra d u a l lo s s  o f  
fe r m e n ta t iv e  a c t iv ity .  D o m b e k  a n d  In g ra m  (1 9 8 6 )  fo u n d  th a t th e  m a g n e s iu m  
s u p p le m e n ta t io n  o f  Y E P D  p r o lo n g e d  e x p o n e n t ia l g ro w th ; p a tte rn s  o f  u p ta k e  w e re  
s im ila r  b u t  d id  n o t re v e a l re le a s e  p a tte rn s  as a re  re p o rte d  h e re . H o w e v e r ,  the  
fe rm e n ta t io n s  c a r r ie d  o u t  b y  D o m b e k  a n d  I n g ra m  (1 9 8 6 )  w e re  c o n s id e r a b ly  s lo w e r  th an  
th e se  b a tch  s tu d ie s  w ith  th e  e x h a u s t io n  o f  g lu c o s e  a n d  c o m p le t io n  o f  e th a n o l p r o d u c t io n  
n o t o c c u r r in g  u n t il  o v e r  5 5 h o u rs  o f  e la p s e d  fe rm e n ta t io n  t im e . F r o m  th e  re s u lts  
p re s e n te d  h e re  th is  is  w h e n  th e  o n s e t o f  m a g n e s iu m  re le a s e  w o u ld  b e  e x p e c te d  b u t  th e  
e x p e r im e n ts  o f  th o se  a u th o rs  e n d e d  at 7 0 h o u rs . D if fe r e n c e s  in  m e d iu m  ty p e s  m a y  a lso  
g re a t ly  in f lu e n c e  m a g n e s iu m  u p ta k e  a n d  re le a s e  p atte rn s .
T h e  s u g g e s te d  d o w n w a r d  r e v is io n  o f  th e  yeasts ' e x o g e n o u s  m a g n e s iu m  
re q u ire m e n ts  f r o m  2 - 4 m M  (Jo n e s  a n d  G r e e n f ie ld ,  1984) to  0 .5 m M  (J o n e s , 1 986) is
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c o n f ir m e d ,  w ith  a  s p e c if ic  le v e l  o f  0 .6 5 m M  f o r  a  m in im a l m e d iu m  at 2 .5 % w / v  g lu c o s e  
b e in g  re c o m m e n d e d .
H e n c e ,  th e  c h a ra c te r iz a t io n  o f  th e  m a g n e s iu m  re q u ire m e n ts  o f  S. ce rev is ia e  
d u r in g  g ro w th  a n d  fe rm e n ta t io n  w ith in  a  b a tch  c u ltu re  h a s  b e e n  a c h ie v e d  as has the  
e s ta b lis h m e n t  o f  th e  g r o w t h - lim it in g  m a g n e s iu m  c o n c e n tra t io n .
T h e  m a t c h in g  o f  th e  e x o g e n o u s  m a g n e s iu m  c o n c e n tra t io n  w ith in  th e  m a in  
fe r m e n t in g  m e d iu m  to th e  in o c u lu m  m a g n e s iu m  c o n c e n tra t io n  is  s h o w n  to  b e  o f  
im p o r ta n c e  in  in f lu e n c in g  the fe rm e n ta t io n  p e r fo rm a n c e  o f  th e  c e l l  p o p u la t io n  a lth o u g h  
an  e x c e s s  o f  m a g n e s iu m  w ith in  th e  in o c u la t in g  m e d iu m  c a n  n e u tra lis e  the d e tr im e n ta l  
e ffe c ts  o f  a lo w  m a g n e s iu m  c o n c e n tra t io n  w ith in  the m a in  fe r m e n t in g  m e d iu m  o n  the  
fe rm e n ta t io n  p a ra m e te rs  o f  th e  c e l l  p o p u la t io n .
T h e  c e l lu la r  e th a n o l p r o d u c t iv it y  m a y  b e  m o r e  g re a t ly  in f lu e n c e d  b y  th e  in o c u lu m  
m a g n e s iu m  c o n c e n tra t io n  th an  b y  the c o n c e n tra t io n  w ith in  th e  m a in  fe r m e n t in g  
m e d iu m  it s e lf  a lth o u g h  m u c h  fu r th e r  w o r k  is  re q u ire d  to  p r o v e  th is  c o n c lu s iv e ly .  T h e  
c e l ls  re le a s e  o f  th e  m a g n e s iu m  b a c k  in to  the m e d iu m  im p lie s  th at the t im in g  o f  the  
tra n s fe r  o f  th e  in o c u lu m  m a y  b e  c r it ic a l  in  in f lu e n c in g  the c e l lu la r  e th a n o l p r o d u c t iv it y  
a n d  a ls o  p a r t ia l ly  e x p la in s  th e  a n e c d o ta l e v id e n c e  th at the u se  o f  an  e x p o n e n t ia l-p h a s e  
in o c u la t in g  c u ltu re  m in im iz e s  the le n g th  o f  the la g -p h a s e  w ith in  th e  m a in  c u ltu re .
D u e  to  th e  e c o n o m ic  p o s s ib il it ie s  o f  b io e th a n o l as an  o c ta n e -e n h a n c e r  f o r  
p e tr o le u m  fu e ls  a n d  as a  re p la c e m e n t  f o r  th ese  fu e ls  th e re  is  o b v io u s ly  a  la rg e  d e g re e  o f  
in te re s t in to  the b a s is  f o r  the p h y s io lo g ic a l  c o n d it io n s  w h ic h  in f lu e n c e  the ra te  a n d  
e x te n t o f  e th a n o l p ro d u c t io n  ( C a s e y  a n d  In g le d e w , 1986; v a n  U d e n ,  1985; I n g ra m  an d  
B u t tk e , 19 8 4 ; M o u l in  e t  a l.,  1984; L e a o  a n d  v a n  U d e n ,  19 8 2 ) a n d  th e re fo re  th e se  
c o n d it io n in g  e x p e r im e n ts  su g g e s t  a p o s s ib ly  b e n e f ic ia l  a re a  o f  re s e a rc h . T h e  e c o n o m ic s  
o f  b u lk  e th a n o l p r o d u c t io n  a re  s u c h  th at a n y  s l ig h t  im p r o v e m e n t  o f  y ie ld  b y  w a y  o f  
e n v ir o n m e n ta l o p t im iz a t io n  is  o f  g re a t in te re s t ( M e y e r  e t  a l ., 1 9 8 5 ). R e s u lt s  f r o m  th e  
s im p le  a d d it io n  o f  m a g n e s iu m  to a c o m p le x  m e d iu m  w e re  ra th e r  n e u tra l b u t th is  w a s
175
fe lt  to  b e  d u e  to  th e  n a tu re  o f  th e  m o la s s e s . C o n d it io n in g  e x p e r im e n ts  w e re  n o t  c a r r ie d  
o u t w it h in  a c o m p le x  m e d iu m  a n d  th u s  r e m a in  to  b e  e x p lo re d .
T h e  in v e s t ig a t io n  o f  th e  p h y s io lo g ic a l  states o f  S. ce rev is ia e  o v e r  a ra n g e  o f  
g ro w th  ra te s  u s in g  a m a g n e s iu m - lim it e d  c h e m o s ta t  h a s  b e e n  c a r r ie d  o u t  w ith  th e  re su lts  
in  th e  m a in  a g re e in g  w ith  th e  tre n d s  e s ta b lis h e d  f r o m  b a tch  c u ltu re .
P r in c ip a l ly ,  at g ro w th  ra te s  lo w e r  th a n  p.m a x , th e  c e l ls  re v e a l a p h y s io lo g ic a l  state  
c h a ra c te r is t ic  o f  n o n - c a r b o n - l im ite d  g ro w th  in v o lv in g  a n  in c re a s e  in  b io m a s s  y ie ld  f r o m  
m a g n e s iu m  a n d  a tre n d  f r o m  h ig h  le v e ls  o f  fe rm e n ta t io n  at lo w  g ro w th  ra te s  to re d u c e d  
fe rm e n ta t io n  a n d  in c re a s e d  re s p ira to ry  a c t iv it y  as th e  g ro w th  ra te  in c re a s e s  to w a rd s  
H-max- F ° r  th e  fo r m a t io n  o f  a n y  p ro d u c t ,  g ro w th  is  u s u a lly  at th e  e x p e n s e  o f  p ro d u c t -  
fo r m a t io n  ( M e y e r  e t  a i ,  1 985) a n d  th e re fo re  th e se  f in d in g s  h a v e  im p lic a t io n s  fo r  
in d u s t r ia l- s c a le  c o n t in u o u s  y e a st c u ltu re s  w h e re b y  s lo w  g ro w th  ra te s  u n d e r  m a g n e s iu m  
l im it a t io n  w o u ld  b e  u se d  f o r  th e  p r o d u c t io n  o f  e th a n o l w h ils t  h ig h  g ro w th  ra te s  w o u ld  
b e  u s e d  f o r  th e  p r o d u c t io n  o f  b io m a s s .
A t  g ro w th  ra te s  g re a te r th a n  |im a x , th e  c e l ls  re v e a l a p h y s io lo g ic a l  state  
c h a ra c te r is t ic  o f  m y c e l ia l  g ro w th  th at is  c o n s is te n t  w ith  th e  in v o lv e m e n t  o f  m a g n e s iu m  
in  c e l l  m o r p h o lo g y .  T h a t  p.m a x  d e r iv e d  f r o m  b a tc h  c u ltu re s  w a s  s u rp a sse d  d u r in g  the  
c h e m o s ta t  c u ltu re s  h a s  a lre a d y  b e e n  a ttr ib u te d  to in a d e q u a te  m ix in g  a n d  w a s h o u t  c a u s e d  
b y  a p s e u d o - h y p h a l g ro w th  c o n d it io n  o f  th e  c e l ls .  A lt h o u g h  s o m e  s m a ll  d e g re e  o f  
's c u m - lin e ' fo r m a t io n  w a s  o b s e rv e d  it  n e v e r  a p p e a re d  to  b e c o m e  p a r t ic u la r ly  a cu te . A s  
th e  m a x im a l g ro w th  ra te  d u r in g  th e  b a tch  fe rm e n ta t io n s  u n d e r  h ig h  g lu c o s e  le v e ls  
(2 .5 % ) w a s  su rp a sse d  at lo w  g lu c o s e  le v e ls  (1% ) th e n  it  is  p o s s ib le  th at th e  c h e m o s ta t  
c u ltu re  s u rp a sse d  th e  b a tc h  f im a x  b e c a u s e  o f  th e  g lu c o s e  le v e ls .  H o w e v e r ,  a t a d ilu t io n  
ra te  o f  0 .2 0 h r s " l  th e  r e s id u a l g lu c o s e  w ith in  th e  c h e m o s ta t  is  1 .75%  a n d  th e re fo re  th is  
h y p o th e s is  is  n o t  c o n s id e re d  l ik e ly .
M a g n e s iu m - l im it e d  c h e m o s ta t  c u ltu re s  o f  S. p o m b e  h a v e  s h o w n  'p h y s io lo g ic a l ly  
in d u c e d ' b ra n c h in g  o f  c e l ls  ( M c D o n a ld ,  u n p u b lis h e d  data ; c ite d  b y  M c D o n a l d  a n d  T s a i ,
1 9 8 9 ), w h ils t  c e l l  s iz e  w ith in  p ro k a ry o t e s  is  a ffe c te d  b y  m a g n e s iu m - lim it a t io n  ( U t k i le n ,
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1 9 8 4 ) as is  c e l l  s iz e  w ith in  e u k a ry o te s  ( W a lk e r  &  D u f f u s ,  1 9 8 0 ). T h e  l im it a t io n  o f  
p h o s p h a te  to c e l ls  o f  S. c e rev is ia e  re s u lts  in  la rg e  d e c re a s e s  in  Y x /S (Jo n e s  &  
G r e e n f ie ld ,  1 984) c o u p le d  w ith  a lte re d  c e l l - w a l l  a n d  m e m b ra n e  s tru c tu re  a n d  fu n c t io n  
th ro u g h  a lte re d  l ip id  m e ta b o lis m . A s  m a g n e s iu m  is  in v o lv e d  in  fa tty  a c id  s y n th e s is  a n d  
p h o s p h a te  u p ta k e , it  is  p o s s ib le  th at the m o r p h o lo g ic a l  c h a n g e s  o b s e r v e d  in  th is  
m a g n e s iu m - lim it e d  c h e m o s ta t  a re  a s e c o n d a r y  m e ta b o lic  e f fe c t  o f  m a g n e s iu m -  
d e f ic ie n c y  a lth o u g h  th e  r e d u c e d  le v e l o f  s h ie ld in g  a v a ila b le  to  a n io n ic  s ite s , e s p e c ia l ly  
c o n c e r n in g  m e m b ra n e  in te g r ity  a n d  fu n c t io n , is  c o n s id e re d  a  m o r e  l i k e ly  e x p la n a t io n .
T h e  a c tu a l v a lu e s  f o r  th e  b io m a s s  y ie ld  f r o m  g lu c o s e  a re  o f  th e  s a m e  o rd e r  as 
h a v e  b e e n  re p o rte d  f o r  g lu c o s e - lim it e d  g ro w th  ( F ie c h te r  e t a l.,  19 8 7 ) w h e re  lo w  
d ilu t io n  ra te s  y ie ld e d  0 .5 0 g  d r y  w e ig h t  (g g lc ) " l  a n d  h ig h  d i lu t io n  ra te s  0 .1 6 g  d r y  
w e ig h t  (g  g l c ) ' l .  H o w e v e r ,  th e se  re s u lts  in d ic a te  a c o m p le te  re v e rs a l o f  th is  tre n d  
a lth o u g h  a p p a re n t ly  th e  y ie ld  d id  n o t  in c re a s e  u n t i l  a fte r  p m a x  h a d  b e e n  p a s s e d . U p t o  
M-max’ ^ e  y ie ld  o b ta in e d  a p p r o x im a te s  to  0 .0 8 g  d r y  w e ig h t  (g  g lc ) " l  c o m p a r e d  to 0 .0 5 g  
( g ) " l  w ith in  a v it a m in - o n ly  m e d iu m  ( H a u k lie  a n d  L ie ,  1 9 7 1 ; c ite d  b y  J o n e s  e t a l.,
1 9 8 1 ).
T h e  re s u lts  o b ta in e d  h e re  d o  n o t  re f le c t  th e  f in d in g s  o f  g lu c o s e - l im it e d  c h e m o s ta t  
c u ltu re s  o f  S. ce rev is ia e  w h e re  e th a n o l fo rm a t io n  is  n o t  o b s e rv e d  b e lo w  a g ro w th  ra te  o f
0 .3 0 h r s " l  d e s p ite  fe rm e n ta t iv e  c a p a c it y  s t il l  b e in g  p re se n t. T h e  a c t iv it y  o f  the  
fe r m e n ta t iv e  c a p a c it y  r is e s  s h a rp ly  w ith  d i lu t io n  ra te  c o n c u r re n t  to  th e  a p p e a re n c e  o f  
g lu c o s e  a n d  e th a n o l w ith in  th e  c h e m o s ta t  ( P e tr ik  e t a l.,  1 9 83; R ie g e r  e t a l.,  1 9 8 3 ). It 
h a s b e e n  c o n c lu d e d  ( K a p p e l i ,  19 8 6 ) th at at h ig h  d ilu t io n  ra te s  in  g lu c o s e - lim it e d ,  
a e ro b ic  c u ltu re s , g ro w th  is  r e s p iro - fe rm e n t a t iv e  w h e re a s  lo w  d i lu t io n  ra te s  g iv e  o n ly  
re s p ira to ry  a c t iv ity  ( K a p p e l i  e t  a l.,  1 9 8 5 ). T h e  s tu d ie s  c o n d u c te d  h e re  r e v e a l th e  
a c t iv it y  o f  th e  fe rm e n ta t iv e  c a p a c it y  at a l l  g ro w th  ra te s  w ith  th e  a c t iv it y  d e c re a s in g  as 
th e  g ro w th  ra te  is  in c re a s e d .
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H e n c e ,  m a jo r  d if fe r e n c e s  e x is t  b e tw e e n  th e  b e h a v io u r  o f  y e a s t  p o p u la t io n s  w ith in  
m a g n e s iu m - lim it e d  c h e m o s ta ts  a n d  g lu c o s e - l im it e d  ch e m o s ta ts . W i t h in  a  g lu c o s e -  
l im it a te d  c h e m o s ta t , th e  la c k  o f  c a ta b o lite  re p re s s io n  at the lo w  g ro w th  ra te s  p e rm its  the  
c e l l  p o p u la t io n  to  e x p re s s  it's  re s p ira to ry  c a p a c it y  a n d  th u s  th e  m e t a b o lis m  o f  th e  
p o p u la t io n  ra n g e s  f r o m  p u r e  re s p ira t io n  th ro u g h  to  re s p iro - fe rm e n t a t iv e  b e h a v io u r .  
H o w e v e r ,  th ese  s tu d ie s  u se d  h ig h  g lu c o s e  le v e ls  in  an e f fo r t  to  m im ic  in d u s t r ia l  
fe r m e n ta t io n s  a n d  th e re fo re  o n ly  th e  re s p iro - fe rm e n t a t iv e  o p t io n  w a s  o p e n  to  th e  c e lls .  
T h u s  it  is  fe lt  th at th e  re s u lts  f r o m  th is  s tu d y  re p re s e n t c h a n g e s  in  th e  re la t iv e  
c o n tr ib u t io n s  o f  e a c h  p a th w a y  to  th e  o v e r a l l  state o f  re s p iro - fe rm e n t a t iv e  m e ta b o lis m .  
H e n c e ,  th e  in fe r r e d  d e c re a s e  in  re s p ira t io n  w ith o u t  a n y  c o m p e n s a to r y  r is e  in  
fe r m e n ta t io n  ( s e c t io n  3 .2 .3 .3 ) .
A  m a jo r  f in d in g  o f  th is  s tu d y  w a s  th at a  m e d iu m  r e s e rv o ir  c o n c e n t ra t io n  o f  9 0 ja M  
m a g n e s iu m  is  to o  h ig h  to  g iv e  m a g n e s iu m - lim it e d  g ro w th  w ith in  a  c h e m o s ta t  d e s p ite  
e x p e c ta t io n s  to  th e  c o n t ra r y  f r o m  th e  b a tc h  s tu d ie s . K a r r e r  (1 9 7 8 ; c ite d  b y  F ie c h t e r  e t  
a i ,  1981)  h a d  fo u n d  th at th e  c r it ic a l  d i lu t io n  ra te  at w h ic h  g lu c o s e  re p re s s io n  sets in  is  
s t ro n g ly  d e p e n d e n t  o n  th e  g lu c o s e  c o n c e n t ra t io n  o f  th e  in c o m in g  m e d ia  in  the  
c o n t in u o u s  c u ltu re . T h e  d a ta  p re s e n te d  h e re  su g g e s ts  that th e  in le t  c o n c e n tra t io n  o f  
m a g n e s iu m  s t ro n g ly  a f fe c ts  the p h y s io lo g ic a l  sta tu s o f  the c u lt u re  p o s s ib ly  re s u lt in g  in  a 
f o r m  o f  'd o u b le - l im ita t io n ' to  b e  p re s e n t  at d i lu t io n  ra te s le ss  th a n  p.m a x  as th e  g lu c o s e  
le v e l  w ith in  th e  c h e m o s ta t  re a c h e d  z e ro  a n d  th e  m a g n e s iu m  le v e l  a ls o  a p p ro a c h e d  ze ro .
C e l l  p o p u la t io n  c h a ra c te r is t ic s  a re  a f fe c te d  b y  th e  n a tu re  a n d  c o n c e n t ra t io n  o f  the  
g r o w t h - l im it in g  su b stra te  b u t th e  e f fe c ts  s h o u ld  n o t  b e  c o n s id e re d  in  is o la t io n  as the  
n a tu re s  a n d  s u p p ly  o f  o th e r , ( s u p p o s e d ly )  n o n - l im it in g  n u tr ie n ts  w i l l  in f lu e n c e  the c e ll 's  
b e h a v io u r ,  e s p e c ia l ly  th e  c a rb o n  s o u rc e  th at is  b e lie v e d  to  b e  c r i t ic a l ly  in f lu e n t ia l  
( H e rb e r t ,  1 9 5 8 ). F o r  e x a m p le , th e  d e v ia t io n  f r o m  th e  th e o re t ic a l c u r v e  m e n t io n e d  in  
s e c t io n  3 .2 .2 .3 :  m a g n e s iu m  lim it a t io n  at 50|nM , w a s  n o t  o b s e r v e d  f o r  th e  a m m o n iu m -  
l im it a t io n  o f  T o ru lo p sis  u tilis  i f  g ly c e r o l  w a s  su b st itu te d  f o r  g lu c o s e  as th e  c a r b o n  a n d  
e n e r g y  s o u rc e  ( H e rb e r t , 1 9 5 8 ).
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S tu d ie s  o n  th e  m e ta b o lic  b e h a v io u r  o f  S. cerev is ia e  w h e n  re le a s e d  f r o m  
m a g n e s iu m - lim it a t io n  w ith in  a c h e m o s ta t  h a v e  b e e n  c a r r ie d  o u t  a n d  in d ic a te  f ix e d ,  
d e s c r ib a b le  re s p o n s e s .
T h e  re s p o n s e  o f  th e  c h e m o s ta t  p o p u la t io n  to  a  p u ls e  o f  m a g n e s iu m  is  an  in v e r te d  
h y p e r b o l ic  in c re a s e  in  c e l l  c o n c e n tra t io n  th at s u p e r f ic ia l ly  r e s e m b le s  a  b a tc h -p h a s e  
g ro w th  c u r v e  w h e re a s  th e  re s p o n s e  o f  th e  c h e m o s ta t  p o p u la t io n  a p p e a rs  to  b e  m o r e  
d ir e c t ly  re la te d  to  c e l l  d iv is io n  w ith  in d iv id u a l  g ro w th  o c c u r r in g  la te r  as a s e q u e n t ia l o r  
s e c o n d a r y  re s p o n s e .
T h u s ,  th e  m a n n e r  in  w h ic h  m a g n e s iu m - lim it a t io n  is  l i f t e d  re s u lts  in  a s e p a ra t io n  
o f  c e l l  r e p lic a t io n  f r o m  c e l l  g ro w th ; i.e . p o p u la t io n  g ro w th  f r o m  in d iv id u a l  g ro w th .  
T h is  w o u ld  in d ic a te  th at m a g n e s iu m - lim it a t io n  is  p r im a r i ly  e x e r t in g  its  e f fe c t  w ith in  th e  
c e l l  d iv is io n  c y c le  w ith  th e  in fe re n c e  th a t m a g n e s iu m - d e f ic ie n c y  c a u s e s  a b lo c k a g e  o f  
c e l l  d iv is io n  at th e  G 2/ M  b o u n d a r y  o f  th e  c e l l  c y c le  ( W a lk e r  a n d  D u f f u s ,  1 9 8 0 ). F r o m  
th is , as h a s  b e e n  a rg u e d  b y  J a m e s  ( 1 9 6 1 ) , c a re  m u s t  b e  ta k e n  in  d e f in in g  g ro w th ; e ith e r  
o n  a p e r  c e l l  b a s is  o r  o n  a d r y  w e ig h t  b a s is .
W it h in  th e  s p ik e  e x p e r im e n t , th e  p a tte rn s  o f  c e l lu la r  m a g n e s iu m  are  s im ila r  to  
th o s e  w ith in  th e  p u ls e  e x p e r im e n t  a lth o u g h  th e  a c tu a l c e l lu la r  m a g n e s iu m  le v e ls  are  
s ig n if ic a n t ly  h ig h e r  th a n  f o r  th e  p u ls e . T h e  c h a n g e s  in  th e  o x y g e n  u p ta k e  ra te  a re  v e r y  
s im ila r  to  th e  p u ls e  e x p e r im e n t  b u t ta k e  p la c e  o v e r  a  m u c h  s h o rte r  t im e -s c a le .  
H o w e v e r ,  th e  s p ik e  c a u s e s  a  lo w e r in g  o f  e th a n o l p ro d u c t io n  a n d  g lu c o s e  c o n s u m p t io n  
o n  a p e r  c e l l  b a s is  p o s s ib ly  re f le c t in g  a  d e g re e  o f  s y n c h r o n y  in  th e  c e l l  c y c le  w ith in  the  
p o p u la t io n .  T h e  f in d in g s  th at a m a g n e s iu m  s h ift -u p  o f  m a g n e s iu m - lim it e d  c u ltu re s  
c a u s e d  a  s y n c h r o n iz a t io n  o f  c e l l  d iv is io n  w ith in  S. p o m b e  ( W a lk e r  a n d  D u f f u s ,  19 8 0 )  
a re  th e re fo re  re le v a n t .
It is  n o te d  th at a t a  d ilu t io n  ra te  o f  0 .1 5 h r s " l  th e  m e a n  re s id e n c e  t im e  o f  th e  c e l ls  
is  6 .7 h rs . T h is  c o in c id e s  w ith  th e  m a jo r  c h a n g e s  o c c u r r in g  to  th e  p o p u la t io n  p a ra m e te rs  
as a re s p o n s e  to  th e  p u ls e  as w e l l  as b e in g  c o in c id e n t  w ith  th e  m a x im u m  c e l lu la r
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m a g n e s iu m  c o n c e n t ra t io n  w ith in  th e  p u ls e  e x p e r im e n t .
M u c h  o f  th e  d a ta  f r o m  o th e r  a u th o rs , re fe r re d  to  c o m p a r a t iv e ly ,  a re  b a se d  o n  
s h a k e - f la s k  s tu d ie s  th at p e r m it  o n ly  a  l im it e d  c o n t r o l o f  p a ra m e te rs  th u s  re n d e r in g  the  
d a ta  o f  l im it e d  v a lu e  (v a n  D ij k e n  e t  a l.,  19 9 0 ; F ie c h t e r  e t  a l.,  1 9 8 1 ). B io r e a c t o r s  are  
u n d e rs to o d  to  p e r m it  a  b e tte r c o n t r o l o f  p h y s ic a l  p a ra m e te rs  a n d  th e re b y  in c re a s e  the  
r e l ia b i l i t y  o f  th e  d a ta  b u t th e  l im it a t io n s  o f  b a tch  s tu d ie s  s t il l  a p p ly ;  i.e . th e  
e n v ir o n m e n ta l c o n d it io n s  a re  c h a n g in g  c o n t in u o u s ly  f r o m  th e  m o m e n t  o f  in o c u la t io n  
a n d  n e v e r  f u l ly  s t a b il is e  m a k in g  r e p r o d u c ib i l it y  a n d  th e  a b i l i t y  to  in fe r  d ir e c t  c a u s e -a n d -  
e f fe c t  e x t r e m e ly  d i f f i c u l t  ( F ie c h te r  e t  a l.,  1 9 8 1 ). C h e m o s ta ts  c a n  in tr o d u c e  a  p a r t ic u la r  
r e g u la to ry  (o r re g u la te d )  state  a n d  m a in t a in  it  w ith in  a  c o n s ta n t  e n v ir o n m e n t .
M a g n e s iu m  is  k n o w n  to  b e  a  b u lk  in t r a c e llu la r  s p e c ie s  w ith  re g a rd  to b o th  its  to ta l 
c e l lu la r  le v e l a n d  its  'free ' c y t o p la s m ic  le v e ls  (0 .5 -5 %  o f  th e  to ta l) . H o w e v e r ,  
e u k a ry o t ic  c e l ls  p o s s e s s  a lo w e r  to ta l c a lc iu m  c o n te n t  ( 3 - 5 m M )  a n d  a lo w e r  'free ' 
c a lc iu m  c o n c e n tra t io n  ( 1 0 0 - 3 0 0 n M ) ,  (R a s m u s s e n , 1 9 8 6 ). T h i s  im p l ie s  th at a n y  u p ta k e  
o f  c a lc iu m  f r o m  th e  e n v ir o n m e n t  o r  re le a s e  f r o m  in t r a c e llu la r  s to re s  w i l l  re s u lt  in  a 
m o r e  s ig n if ic a n t  im p a c t  o n  th e  fre e  c a lc iu m  c o n c e n tra t io n  ( re p re s e n tin g  o n ly  0. 1% o f  
the to ta l) . H o w e v e r ,  a n y  a lte ra t io n  o f  m a g n e s iu m 's  t r a n s m e m b ra n e  f lu x  is  w id e ly  
re g a rd e d  as b e in g  in s u f f ic ie n t  to e x e rt  a  c o n t r o l l in g  in f lu e n c e  o n  c e l lu la r  m e ta b o lis m ;  
h o w e v e r ,  th is  a s s u m e s  that th e  re g u la to r y  a c t io n  m u s t  b e  a c u te  a n d  r a p id  ( M a g u ir e ,  
1 9 9 0 ). H e n c e ,  it  is  a rg u e d  th at c h a n g e s  w i l l  n o t  b e  ra p id ,  as f o r  c a lc iu m ,  b u t  w i l l  b e  
r e la t iv e ly  s lo w , in  th e  o rd e r  o f  m in u te s  a n d  h o u rs  a n d  w i l l  b e  m o r e  s u sta in e d ; th is  is  
re fe rre d  to  as "s e tt in g  th e  g a in  o r  s e n s it iv it y  o f  th e  re s p o n d in g  s y s te m "  as o p p o s e d  to  
c a lc iu m 's  " o n - o f f "  e f fe c t  ( M a g u ir e ,  1 9 9 0 ). T h e  f in d in g s  p re s e n te d  h e re  s u p p o rt  th is  
a rg u m e n t.
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M a g u ir e  (1 9 9 0 )  fo c u s e s  o n  th e  c r ite r io n  to  b e  m e t  i f  a  r e g u la to ry  f u n c t io n  fo r  
m a g n e s iu m  is  to  b e  in fe r r e d  w it h in  h ig h e r  e u k a ry o t ic  c e l ls  a n d  p o in t s  o u t  th a t th e  a c tu a l 
in t r a c e llu la r  m a g n e s iu m  c o n c e n tra t io n  is  tw o  o rd e rs  o f  m a g n itu d e  lo w e r  th a n  p re d ic te d  
b y  th e o ry  th a t s u p p o rts  th e  c o n c lu s io n  th at tra n sp o rt , c e l lu la r  c o n te n t , a n d  in t r a c e llu la r  
le v e ls  a re  t ig h t ly  re g u la te d .
1) C e l lu la r  p ro c e s s e s  m u s t  e x is t  w h ic h  c a n  re s p o n d  to  th e  p h y s io lo g ic a l  le v e ls  o f  
fre e  m a g n e s iu m .
2) T r a n s p o r t  m e c h a n is m s  m u s t  e x is t  w h ic h  c a n  e f fe c t  c h a n g e s  in  th e  in t r a c e llu la r  
fre e  m a g n e s iu m  b e a r in g  in  m in d  that: a) c h a n g e s  in  p H  w i l l  a f fe c t  th e  b in d in g  o f  
m a g n e s iu m ; b) th e re  is  n o  h a rd  e v id e n c e  f o r  th e  re le a s e  o f  m a g n e s iu m  f r o m  
in t r a c e llu la r  s to re s  a n d  in te rn a l b u f fe r in g  ( C o r k e y  e t a l . , 1 9 8 6 ) re d u c e s  th e  p o s s ib i l i t y  
e v e n  fu rth e r; c) t r a n s m e m b ra n e  f lu x  m a y  c h a n g e  g iv in g  a lte ra t io n s  in  th e  o v e r a l l  
m a g n e s iu m  c o n te n t  th at m a y  y ie ld  a  c h a n g e  in  th e  fr e e  m a g n e s iu m  le v e ls  th ro u g h  the  
b u f fe r in g  p ro c e s s e s  ( C o r k e y  e t  aL , 19 8 6 ) w ith  ju s t  s m a ll c h a n g e s  in  o v e r a l l  c o n te n t  
y ie ld in g  s ig n if ic a n t  c h a n g e s  in  fre e  m a g n e s iu m  ( M a g u ir e ,  1 9 9 0 ).
3) C o m p a r tm e n t s  s to r in g  m a g n e s iu m  m u s t  b e  in  c o m m u n ic a t io n  w ith  the  
re s p o n d in g  c e l lu la r  p ro c e s s e s . M a g n e s iu m  is  c o m p a r tm e n te d  in  m a n y  ty p e s  o f  
e u k a r y o t ic  c e l ls  ( G r u b b s ,  C o l l in s ,  &  M a g u ir e ,  19 8 5 ; c ite d  b y  M a g u ir e ,  1 9 9 0 ) m o s t ly  in  
th e  c y t o s o l b u t n o t  a ll  to  th e  sa m e  e x te n t ( M a g u ir e ,  1 9 9 0 ) an d  b e c a u s e  m o s t  
m a g n e s iu m - s e n s it iv e  p ro c e s s e s  a re  lo c a te d  w ith in  th e  p la s m a  m e m b r a n e  th e n  a 
c o m m u n ic a t io n  m e c h a n is m  m u s t  e x is t ,  a lth o u g h  a g a in  th e re  is  n o  h a rd  e v id e n c e  y e t  
( M a g u ir e ,  1 9 9 0 ).
4) C h a n g e s  in  th e  in t r a c e llu la r  fre e  m a g n e s iu m  a n d  th e  m a g n e s iu m - s e n s it iv e  
p ro c e s s  m u s t  o c c u r  c o n c u r r e n t ly ,  s e q u e n t ia lly ,  a n d  in  an  in te g ra te d  fa s h io n .
A c c o r d in g  to  M a g u ir e  (1 9 9 0 ) , th e re  is  n o  s p e c i f ic  e v e n t  o c c u r r in g  w it h in  h ig h e r  
e u k a ry o t ic  c e l ls  d e ta ile d  in  th e  lite ra tu re  th at h a s  a  d e m o n s tra te d  r e q u ir e m e n t  f o r  
m a g n e s iu m  as an  a c t iv a to r . H o w e v e r ,  the  in it ia t io n  o f  c e l l  d iv is io n  in  S. p o m b e  
( W a lk e r ,  19 8 6 ) is  c ite d  as b e in g  a  p o s s ib le  c a n d id a te  ( M a g u ir e ,  19 9 0 ) a n d  is  n o w  
e x te n d e d  b y  th is  w o r k  to  in c lu d e  S. cerev is ia e .
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Appendix 1
Gas Chromatography: Parameters for the separation and 
detection of ethanol from centrifuged fermentation samples.
Section 1: Conditions
A B
O v e n  T e m p e r a t u r e ( ° C ) 120 180
Is o th e rm a l T im e (m in )  = 1.0 0.0
R a m p  R a te ( ° C / m in )  = 20.0 0.0
In je c t io n  T e m p e r a t u r e ( ° C ) 210 210
D e t e c t io n  T e m p e r a t u r e  ( ° C )  = 210 210
F I D  S e n s it iv it y = L o w L o w
F I D  Z e r o = O n O n
C a r r ie r  G a s = n2 n2
F lo w  R a te (m l/ m in )  = 4 5 4 5
Section 2: Data Handling
A) Data Acquisition B) Report
S ta rt  T im e  = 0.00 m in C a lc u la t io n  T y p e  = In te rn a l S ta n d a rd
E n d  T im e  = 4 .0 0  m in C a lc u la t io n  F r o m  = A r e a
P r in t e r  T o le r a n c e  = 0 .0 0 0 0
W id t h 5 O u tp u t  D e v ic e  = S c re e n
A r e a  S e n s it iv it y  = 9 6
B a s e l in e  S e n s it iv it y  = 5
S k im  S e n s it iv it y  = 0
B a s e l in e  C o r r e c t io n  = B - B
I
C ) P e a k  Id e n tif ic a tio n
U n re ta in e d  P e a k  T im e = 0.00 m in
A r e a / H e ig h t  R e je c t = 0.10
R e fe r e n c e  P e a k : T im e = 2 .3 0  m in
: T o le r a n c e = 0 .1 5  m in
C o m p o n e n t  : T o le r a n c e  A b s o lu t e = 0 .0 5
: T o le r a n c e  P e rc e n ta g e = 0 .5 0
) Quantitation
S c a l in g  F a c t o r  = 
S ta n d a rd  C o m p o n e n t  N a m e  =
100
I s o - P ro p a n o l
S ta n d a rd  C o m p o n e n t  A m o u n t  
S a m p le  A m o u n t
( w e ig h t  o f  0 .0 2 5 m l)  
(w e ig h t  o f  0 .5  m l)
E) Component List
R e te n t io n  T im e R e s p o n s e  F a c t o r S ta n d a rd  A m o u n t N a m e
1.43 1 .7 2 2 1 (w e ig h t) E t h a n o l
2 .3 0 1 .5 6 1 0 (w e ig h t) I s o - P ro p a n o l
II
Appendix 2
High Pressure Liquid Chromatography: Parameters for the 
separation and detection of sugars from centrifuged 
fermentation samples.
Section 1: Conditions
C o lu m n
C o lu m n  T e m p e r a t u r e  
E lu a n t
E lu a n t  F lo w - R a t e  
G r a d ie n t
A m in e x  H P X - 8 7 H  
25  ° C
0 .0 1 2  N H 2S 0 4
0.6 m l/ m in  
N o n e  u se d
Section 2: Data Handling
A) Data Acquisition B) Report
S ta rt  T im e = 6 .6 7  m in C a lc u la t io n  T y p e  = E x t e r n a l  S ta n d a rd
E n d  T im e = 20.0 m in C a lc u la t io n  F r o m  = P e a k  A r e a
P r in t e r  T o le r a n c e  = 0 .0 0 0 0
A v e r a g e  P o in ts = 4 O u tp u t  D e v ic e  = P r in te r
S u m  P o in ts = 2
III
C ) P e a k  In te g ra tio n D ) P e a k  Id e n tif ic a tio n
S m o o t h in g  W id t h  = 7 S c a l in g  F a c t o r  = 1
I n it ia l S lo p e  T h r e s h o ld  = 100 E x t e r n a l S ta n d a rd  F i le  = S u g a rs
M in im u m  B a s e l in e  W id t h  = 3 0
I n it ia l P e a k  W id t h  = 3 0
W id t h  P e rc e n ta g e  C h a n g e  = 20
S h o u ld e r  P e rc e n ta g e  W id t h  = 20
M in im u m  P e a k  A r e a  = 5 0 0
E) Component List
R e te n t io n  T im e S lo p e In te rce p t N a m e
6 .7 9 4 .0 6  x  10 ' 6 - 2 .3 4  x  10 ’ 1 R a f f in o s e
7 .3 4 3 .5 5  x  10 ' 6 - 7 .1 6  x  10-2 S u c r o s e
8 .6 2 3 .1 7  x  lO -6 - 5 .3 0  x  10 ' 4 G lu c o s e
9 .4 4 3 .2 0  x  lO -6 -2 .2 5  x  lO -4 F ru c t o s e
1 2 .4 5 3 .9 7  x  10-6 -2 .7 6  x  10-3 G ly c e r o l
14.8 6 .4 4  x  IQ ' 6 - 2 .9 2  x  IQ ' 3 A c e t ic  A c i d
IV
Appendix 3
Atomic Absorption Spectrophotometer: Parameters for the 
detection of magnesium in centrifuged fermentation samples
Section 1: Conditions
F u e l = A c e t y le n e
F lo w - r a t e = 2 .5  m l/ m in
O x id a n t = A i r
F lo w - r a t e = 8 .0  L / m in
L a m p = C a / M g  la m p
C u r r e n t = 2 0  m A
W a v e le n g t h = 2 8 5 .2  n M
S l it = 0 .7  n M
Section 2: Data Handling
A) Data Acquisition
In te g ra t io n  T im e  = 3 s e c o n d s
R e p lic a t e s  = 3
S ig n a l  P r o c e s s in g  = H o ld
T e c h n iq u e  = A t o m ic  A b s o r p t io n
B) Quantification
R e fe r e n c e  to  L in e a r  C a l ib r a t io n  G r a p h  
S ta n d a rd s  = 0 .0 4 / 0 .1 0 / 0 .2 0 /0 .3 0 /0 .4 0 /0 .4 4 / 0 .5 0  m g / L
V
Appendix 4
Deionization Procedure for Glassware and Plastics
1) A r t ic le s  to  b e  d e io n iz e d  w e re  im m e r s e d  in  a  2% v/v n it r ic  a c id  s o lu t io n  f o r  at 
le a s t  e ig h t  h o u rs .
2) T h e  a r t ic le s  w e re  th en  r in s e d  at le a s t tw ic e  u s in g  u ltra -p u re  w a te r  to  re m o v e  
a n y  tra ce s  o f  th e  n it r ic  s o lu t io n .
3) T h e  a r t ic le s  w e re  th e n  im m e r s e d  in  a  s o lu t io n  o f  0 .1 M  E D T A  f o r  at le a st o n e
h o u r.
4) F o u r  se p a ra te  r in s e s  w ith  u ltra -p u re  w a te r  r e m o v e d  a n y  tra c e s  o f  the E D T A  
s o lu t io n .
5) G la s s w a r e  w a s  p la c e d  in  a s t e r i l iz in g  o v e n  at 1 6 0 ° C  u n t il  d r y  w h e re a s  p la s t ic  
w a s  p la c e d  in  a  5 5 ° C  o v e n  u n t i l  d ry .
6) A r t ic le s  w e re  u s e d  im m e d ia t e ly  u p o n  d r y in g  to  l im it  c o n ta m in a t io n  f r o m  d ust.
VI
2 0 3 .3 0 2 g  o f  M g C l 2 . 6 H 2 0  in  1 lit re  o f  H 2O  g iv e s  a  o n e  m o la r  s o lu t io n  o f  
M g C l 2 . 6 H 2 0
2 0 .3 3 g  o f  M g C l2-6H 20  in  1 lit re  o f  H 2O  g iv e s  a 0 .1  m o la r  s o lu t io n  o f  
M g C l2. 6 H 2 0
A c c e p t in g  th a t o n e  m o le  o f  M g C l2-6H 20  y ie ld s  o n e  m o le  o f  M g  th e n  th e  s to c k  
s o lu t io n  w i l l  b e  a 0 .1  m o la r  s o lu t io n  o f  M g ;  i.e . lO O m M  M g .
A p p r o p r ia t e  v o lu m e s  o f  th is  s to c k  s o lu t io n  a d d e d  to  k n o w n  q u a n t it ie s  o f  m e d iu m  
w il l  y ie ld  th e  re q u ire d  m a g n e s iu m  le v e ls .
Calculation Procedure for Converting ppm to mM Magnesium
Appendix 5
Calculation Procedure for Magnesium Levels within the Medium
O n e  M o le  o f  M g  = 2 4 .3 0 5 g / L
O n e  M o le  o f  M g  = 2 4 3 0 5 m g / L
4 .1 1 4  x  1 0 "^ M  M g lm g / L
0 .0 4 1 1 4 m M  M g lm g / L
0 .0 4 1 1 4 m M  M g lp p m
m M  M g  = p p m  x  1 /24 .305
VII
